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BECKER UNIVERSAL LEVER 


VERY light, sensitive but strong lever. One arm consists of a split brass 
tube into which is slipped the straw carrying the celluloid writing point. 
The other arm of the lever is made of brass and when in line with the writing 
lever exactly counterbalances it. The “load” on the lever may be increased by 
moving the counterbalancing arm around an axis. The axle and its bearings are 
very strong. The yoke is made of brass and may be fixed to the supporting 
rod in any of six positions. It is H-shaped, one yoke carrying the writing lever, 
the other a small pulley. 


£ Norns string from the recording tissue or organ is attached to the lever by 

non-slipping clamp which makes adjustment very easy and does away with 
the necessity for tying knots. The string may lead directly from the organ to 
the writing lever or may first pass over the pulley. 


Price $8.50 


JOSEPH BECKER 


630 WEST 168TH STREET NEW YORK 
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The purpose of this paper is to report some of the behavior of the sensori- 
motor areas of the dog’s cortex as revealed by recording the electrical 
phenomena from it. We have applied the term action current to the 
cortical event. However, the application of the term may not later seem 
advisable inasmuch as it does not pertain to linear propagation in a limited 


number of long fibres as it does in dealing with peripheral nerve trunks, but 
labels the activity that gives rise to disturbances in one’s recording appara- 
tus when the electrodes are placed anywhere on the cortex. Obviously 
the picture gained is gross compared with the measurements made by 
Gasser and Erlanger (1922 and later) at the periphery, but our work was 
undertaken in the belief that a gross picture to begin with would prove 
enlightening. 

At this tjme we are reporting upon the sensori-motor areas in such a 
manner as to prepare the way for a fuller treatment of the whole cortex 
by the senior author. The records presented are from the sigmoid, cruciate, 
coronal, and the anterior ectosylvian gyri. In calling these the sensori- 
motor region, it is important to note several details of the interpretative 
history of their function. Fritsch and Hitzig were the first to directly 
investigate this area. As an outcome they clearly elicited bodily move- 
ments by faradic stimulation, especially of the sigmoid gyrus, and assigned 
motor functions to the latter, hence the motor area. Ferrier (1876) later 
showed that excitable points most surely exist not only in the motor area 
but also in the coronal, ectsylvian, and suprasylvian gyri. The latter 
gyrus came to be thought of as the visuo-praxic area on account of its 
adjacency to the visual area and on account of the movements elicited 


1 The work was done in the Psychology Laboratory of the University of Kansas, 
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being those of the eye. Munk’s experiments indicated to him that the 
coronal gyrus was the center for sensory representation of the fore limb. 
A similar representation of the hind limb was found in the postsigmoid 
gyrus. In further experimentation by a different method, Dusser de 
Barenne (1916) (1924) on both cats and monkeys demonstrated sensory 
disturbances in dealing with these areas previously looked upon as motor 
centers. In other words, roughly the same limitations in cortical extent 
attended de Barenne’s elicitation of sensory disturbances, as did faradic 
excitation in producing motor phenomena by such men as Fritsch and 
Hitzig and Ferrier. Hence we have this part of the cortex recognized as 
a sensori-motor area. Whether the area is sensory and motor or whether 
sensation and movement are only phenomenologically different is a worth- 
while problem. It would seem that they must both obey the same laws of 
dynamics. 

ProcepurE. A few details of operative procedure and experimentation 
will be given first to make the records intelligible. Throughout our work 
the purpose has been to preserve as nearly as possible the intactness of 
the animal and to select individuals that were in good health and quite 
responsive. Exceptions to our intentions have occurred and the outcome 
in such cases has been used for purposes of comparison. 

Ether was used as a general anesthetic. Along with it, a local injection 
of novocaine and adrenaline chloride mixed 2:1 was copiously applied to 
the tissues. The amount used seemed to be effective for both the opera- 
tion and the recording period which began one or two hours later. 

The desired portions of the skull were removed by first cutting out a 
small triangular section of bone with a rotary saw, and further by either 
end-cutting or side-cutting nippers. Nearly all of the potential operative 
hemorrhage threatened at the edges of the bone, and surgical wax (a mix- 
ture of bee’s wax and mineral oil) was successfully applied. With caution, 
little hemorrhage ever occurred anywhere else. 

With the operation completed, the electrode anchor was immediately 
located and fastened to the cranium, and artificial moisture and tempera- 
ture supplied to the exposed brain from a thermally controlled source of 
Ringer’s solution.2, The electrode anchor, whose broad flat under-surface 
lay directly on the meninges was simply a metal clamp on the edge of the 
bone, and served in most of the recording as one of the leading-off elec- 
trodes. On the upper surface was a vertical post onto which the electrode 
holder was attached in any one of a variety of angles or altitudes. We 
employed several forms of electrodes and holders from time to time. 

The most used form was a horizontal flat Bakelite bar on which two other 
flat pieces of the same material were mounted in rockers. Through the 


2 Taft, Robert. 1930. A convenient system of water thermostats for laboratory 


instruction. Journ. Chem. Educ., vii, 2053. 
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latter pieces the silver wires of the electrodes extended. The angle of the 
pieces was adjusted by a screw on the one end and an opposing compression 
spring on the other. With such an arrangement, the electrode tips could 
be located at the desired place on the brain and the pressure adjusted by 
the screw releasing the spring for action, the latter providing contaet of the 
tips at all times during the usual brain volume changes. The electrode 
tips were never punctiform in nature even though small, for they were 
embedded in a matrix (sometimes of collodion) flush with its surface 

At times, four electrode tips were embedded in a common matrix but 
often in separate ones. With the latter arrangement, each of the fou 
tips could be widely separated upon the brain. With the anchor as 
described above, used as a ‘neutral’? or common lead, the circuit could be 
varied so as to include any one of the four tips. by means of a sliding switch 
In this way records from diverse parts of the brain were gained without 
any adjustments necessary at the brain’s surface. Quick shifts could be 
made in recording while the animal repeated or continued in its move- 
ments. Such procedure was our nearest approach to simultaneous record- 
ing from several points. 

A wide variety of checks was made upon the recording system which 
consisted of a five stage audio frequency amplifier and a Westinghouse 
oscillograph. The conditions were ascertained which would produce 
artifactual excursions in the photographed records and were then avoided 
A loud speaker was used in the output circuit of the amplifier so that we 
could investigate any suspicious new noise incidentally arising as we went 
along. This prevented a number of artifacts eluding us. To lessen the 
interference of the A.C. lighting cireuit, the animal and the first three stages 
of the amplifier were housed in a shielded room of metal so constructed as 
to minimize acoustic disturbances as well. Lighting within the room was 


provided py storage batteries. 


Recorps. The records included in this paper were those taken from 
the sigmoid, cruciate, coronal, and anterior ectosylvian gyri under the 
following sets of conditions: 1, dog quiet and no particular stimulation; 
2, dog passive to experimental motion of its head; 3, dog passive to experi- 
mental motion of its limbs; 4, dog passive to pain stimulation; 5, dog 
wincing or slightly squirming to pain; 6, limb movements to experimental 
motion of its body; 7, gross movements to pain; 8, gross movements to 
experimental motion of its body; 9, head movements to pain stimulation; 
10, head movements to experimental motion of body; 11, spontaneous 
movements of the animal. 

Each of these sets of conditions has been termed a behavior situation. 
In the first one, the animal made no observable movements, and the room 
was quiet and almost always dimly lighted. With such conditions we 
should expect to have as little activity in the cortex as at any conceivable 
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time with an intact animal. It was found, however, that the records were 
not all patternless. In the second behavior situation, the animal remained 
virtually passive to movement of its head from side to side by the experi- 
menter, while in the third it did not noticeably resist motion of one of its 
limbs up and down while it protruded through the slot in the canvas-topped 


tuble upon which the dog rested. In behavior situation four, the animal 


e1 sec. 


Fig. 1. This figure shows 4 records with intermittent patterns. Records 3 and 4 
demonstrate some of the features of volley intervals. Records 1 and 2 are cases of 
longer trains of waves. Time shown in 0.1 second. 


failed to respond overtly to the pinching of its tail. In situation five it 
squirmed or winced to the same stimulation and in situation seven it made 
gross bodily movements as a result. In situation six, the animal’s body 
was rolled slowly back and forth on the table top, eliciting active move- 
ments as in walking. When the movements became those of a struggle as 
if to gain balance or release, the records were put into category eight. 
Class nine includes records taken when the animal shifted its head from 
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side to side in response to pinching its tail, and ten, those records when 
such movements resulted from its body being experimentally rolled as in 
situation eight. A few times when the experimenter was not stimulating 
the animal, struggling movements occurred. Records on these occasions 
were put into class eleven. It is obvious that none of the situations are 
precisely controlled. They are, nevertheless different one from another, 
and in that sense serve to show something of the functions of the respective 
gyri in a variety of conditions. 

The records obtained were classified both as to amplitude and as to 
variation in pattern. The former classification is left till a survey of the 
whole cortex is given. In dealing with pattern, only the grosser aspects 
are considered. Little can be said about the finer details for no claim 
is made for absolute fidelity of reproduction in the amplifier, although it 
is possibly as good as many in use elsewhere. Since this is true, figure 1 


TABLE 1 
INTERMITTENT 
EXTENDED 
Short Long 
Reg Irreg Reg Irreg v4 Irreg 


A B Cc D F 
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Ant. Sig. . 


Post Sig. . 

Cruciate 

Coronal 


ALE. Syl 


Total 


contains alf of the records that need be shown. In it a partial account of 
the range in pattern obtained from the gyri is displayed. 

The broadest classification in pattern made in the records is that of exten- 
sion versus intermittency. Extended patterns are divided into those 
which are relatively irregular or complicated and those which are regular. 
The first order of subdivision in the records with intermittent patterns is 
that of shortness versus length. Both of these categories were further 
divided into regular and irregular groups. Thus, in all, the records fell 
into seven groups, A, B, C, D, E, F, and Z. The last group contains the 
records that showed so little disturbance as to be negative or equivocal. 

The data obtained have been put into the form of two tables. Table 1 
shows the number of records of each kind obtained from each gyrus, where- 
as table 2 takes into account the stimulation and the animal’s behavior. 

It can be seen that out of 82 records, 12 of them were of type Z, or 
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approximately 1 out of 7. If one considers the aspect of regularity, 22 
out of 70 positive records are regular, or roughly 1 out of 3. The chances 
are seen to be about even, under our conditions, for obtaining extended 
patterns rather than short volleys. Of the intermittent patterns, about 3 
out of 7 are classed as short. Also the short patterns were often quite 
regular in form. Thirteen cases out of 15 of the short were regular, while 


TABLE 2 


coRo. 


1E 


1E 
1Z 


2A 6D 


18 cases out of 22 were irregular for the long intermittent patterns, 28 cases 
out of 33 for the extended patterns. 

From this it can be said that each gyrus behaved in diverse ways under 
different conditions. This variability of a point might be expected but 
would not be the case if one were to hold that any limited area when in- 
volved always makes the same contribution to the total activity, and that 
total activity is but the aggregation of one set of areas at one time and 
another set at another. It might be stated in this connection that large 
electrodes gave us records that were little if any more complicated than 
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did electrodes one-twelfth their size. The latter covered about one five- 
thousandth of the cortical surface. 

Table 2 summarizes the data in relation to stimulation and the animal's 
behavior in keeping with the classification previously mentioned. This, 
of course, further subdivides the data so that the records dealt with for 
any one specified set of conditions are still fewer in number than if gyral 
positions alone were considered. There are enough cases for each behavior 


situation to show that a cortical point varies greatly in its function with 
the animal doing any one given thing and with one kind of stimulation. 
This has been shown in a simple algebraic way by Brown and Sherrington 
(1912) and has been referred to as inhibition and summation. Our data 
show that more conditions than those existing in a limited area must be 
taken into account before strict prediction would oecur. The variability 
of the activity of any one point is to be understood in terms of what the 
whole system is doing. Thus the farther down into units the subdivision 
goes, the more unpredictable will be the behavior of that unit when con- 
sidered alone, while it really is a part of a variable system. 

Another feature of the records seen in either table is the lack of type A 
cases among the 25 (positive and negative) obtained from the coronal 
gyrus, and the occurrence of but 1 type B. Considering the rest of the 
gyri, there were 14 A records out of a possible 57. The greater proportion 
of the A records were taken from the anterior sigmoid gyrus and were 
fairly well distributed among the behavior situations. One-balf of the 
positive records from this gyrus were of type A. This type of record pre- 
sents intermittent short and regular patterns, whereas the majority of the 
records from the other gyri present long intermittent patterns or extended 
ones. 

Type A by its nature brings us to a consideration of the time interval 
between the major patterns. It is in this kind of records that such meas- 
urements can best be made. Throughout our work records were not put 
into the intermittent class unless the trains of waves on them lasted for 
less than approximately one-half second. In some of the long intermittent 
records and some of the extended ones nodes followed each other at about 
the same intervals as the volleys themselves when isolated. We have found 
the frequency range of the volleys is 7 to 20 per second, with a majority of 
the instances occurring within a range of 9 to 12 per second. These are 
very near the values found by other investigators for the tremor rate in 
human skeletal muscle and for modulations in certain action current 
patterns. 

Athanasiu (1923) found groupings of the impulses in his neuromyograms 
coming at about 10 per second; Hill (1921) using a tambour and hot-wire 
sphygmograph and recording with a string galvanometer presented records 
with the slowest variations at about 9 to 19 per second. Travis and 
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Hunter (1927) reported a modulation of from 6 to 12 per second in the 
higher frequencies of their neuromyograms. 

Contrasting with these longer intervals, we have within our volleys the 
much higher rates which seem to be possible in both muscle and nerve. Cobb 
and Forbes (1923) for example, with electromyograms with a frequency 
as high as 66 per second, and Hill (1921) with the technique mentioned 
above demonstrated a frequency of fifty per second. The maximum 
frequency theoretically possible in nerve trunks in cases of voluntary 
muscular contraction has been shown to be 300 or more per second (Forbes, 
Ray and Griffith, 1923). The minor fluctuations found in some of our 
records approach this value. The closely corresponding rates in muscle 
and in the cortex to be found in our volley intervals suggest that possibly 
the same thing has been measured both at the periphery and in the cortex. 


SUMMARY 


In this paper we have briefly reported some of the findings from the dog’s 
cortex using vacuum tube amplification and a Westinghouse oscillograph. 
In the study, variety both in stimulation and behavior of the animal were 


taken into account together. 

The similarity between volley intervals in the records and the rate of 
tremor of skeletal muscle found by others was pointed out. 

The outcome of the work tended to show that the behavior of any cortical 
point could only be made completely intelligible in terms of the behavior 
of the whole cortex. 
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Preparatory to giving a report on various effects which are produced by 
the Swingle-Pfiffner (1931) cortico-adrenal extract, it seemed advisable to 
present some observations which have been made on representative types 
of adrenalectomized animals in this laboratory during the past few years. 
Hitherto most of these results have been given only brief reference else- 
where (Britton, 1930). 

Adrenal excision in cats and rats. Normal survival periods and _ post- 
mortem conditions which were observed in bilaterally adrenalectomized 
cats are given in table 1. Removal of the adrenals was carried out in all 
20 cases at one operation. From 10 to 15 minutes were usually taken to 
excise both glands via the anterior abdominal route. There appeared to 
be no advantage in removing the adrenals in two stages, as practised by 
most observers. In six cases of two-stage operated animals, the periods of 
survival were about a week or less. 

If healthy, selected animals are used, the life-span of adrenalectomized 
cats appears generally to range between 5 and 10 days. In the 20 cases 


given in table 1 the range is between 3 and 11 days; the average is 7} days. 

Ina number of cases the blood sugar and non-protein nitrogen levels in 
adrenalectomized animals have been followed from day to day. The sugar 
values in cats fluctuated usually between 70 and 90 mgm. per cent for 


some days after operation, and no significant fall was observed until ap- 
proximately the time that symptoms of adrenal insufficiency began to 
appear, or slightly earlier. In all cases the blood sugar in eats which 
showed slight weakness of the hind limbs, in walking, was found to be be- 
low the normal range noted above, for the analytical method used 
(Folin and Malmros, 1929). In table 2 it will be observed that in most 
instances the values are under 60 mgm., and in nearly half the cases 
they are below 50 mgm. The range is from 25 to 67 mgm. in animals 
showing different degrees of adrenal insufficiency. 

The blood non-protein nitrogen levels are in contrast abnormally in- 
creased. Although in most cases the range lies within 45 and 80 mgm., 


! Grateful acknowledgment is made of aid received in this investigation from the 
Grants-in-Aid Committee of the National Research Council 


10 S. W. BRITTON 


there are a few animals in which over 100 mgm. per 100 cc. were observed. 
The non-protein nitrogen method of Folin and Svedburg (1930) was used. 
Tests made on the blood cell volumes also revealed much increased values 
over the normal, readings up to 50 and 65 per cent being sometimes 
observed. 

For comparative purposes observations were also made on a series of 20 
white rats. Fifteen died on different days after the adrenals were removed 
as follows: 1 on the 3rd day, 2 on the 6th, 2 on the 8th, 1 on the 10th, 4 on 
the 13th, 1 on the 15th, 2 on the 17th, and 2 on the 25th. Three were 
surviving at the end of 40 days, and 2 at the end of 60 days after operation. 

Slowly-developing muscular weakness, and eventually severe convulsive 
seizures, almost invariably heralded the death of adrenalectomized rats. 
The blood sugar was found to be low, and the non-protein nitrogen and 
blood cell volume very high, in a few cases which were examined when 
symptoms of insufficiency appeared. Lesions in the gastric mucosa and 
the pancreas were also observed at autopsy. It is therefore apparent that 
rats are affected similarly as are cats (and dogs) following elimination of 
the adrenal glands. 

In only a few cases in rats have we found cortico-adrenal accessory tissue. 
The long post-operative survival may obviously be due to such accessories. 
The resistance shown by rats to severe operative insult indicates, however, 
that these animals may possess an extraordinary body structure which is 
well adapted to withstand the loss of even specialized organs or tissues. 
The relatively slight or imperceptible effects which follow removal of the 
thyroid or the parathyroid glands, or portions of the kidney tissue, or the 
amputation of one or two limbs, are well-known examples of the resistant 
body mechanism which is shown by the white rat. 

Exclusion of the adrenal glands in the opossum (Didelphys virginiana) and 
the squirrel (Sciurus carolinensis). Observations which were made on 
a series of adrenalectomized opossums are presented in table 3. Both 
glands were removed at one operation, by the anterior route. The results 
are not significantly different from those noted in the case of other animal 
types. It is clear that the opossum does not long survive the excision of 
both adrenal glands. 

In a few cases in which analyses were made, opossums showing symp- 
toms of adrenal insufficiency (which were similar to those seen in other 
types) possessed very low blood-sugar values. 

In two cases, squirrels were bilaterally adrenalectomized by the one- 
stage operation. Both animals lived only one day. We have not been 
able to keep full-grown, trapped squirrels alive in the laboratory, however, 
for more than a few days. 

Observations on adrenalectomized marmots (Arctomys monax). Obser- 
vations which were made on adrenalectomized groundhogs (Britton, 
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1930a), operated on at one sitting, have been extended. The recent ex- 
periments fully confirm the previous results Observations on summer- 
operated and winter-operated groundhogs are compared in tables 4 and 5. 
Notably the survival periods are in significant contrast. In summer the 
range of the survival period is from 14 to 10 days; in winter, from 29 to 128 
days. In 14 cases operated on in summer (table 4) the average survival 
is 44 days; in 10 cases adrenalectomized in winter (table 5) the average is 
slightly over 72 days. Very low blood-sugar values and high non-protein 


rABLE 1 


Observations on adrenalectomized cats; single-stage operation 


| AUTOPSY FINDINGS 
DATE - 


ADRENAL SURVIVAL 
CAT NUMBER WEIGHT PERIOD AFTER Congestion 


GLANDS 
EXClaED OPERATION Congestion of gastrin 
ol pancreas mucous 
membranes 
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360 
363 
32% 
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339 
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346 
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1 
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~) 


wm 
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* Gastric mucosa not examined. 


nitrogen levels were found in a few cases in animals which showed symp- 
toms of adrenal insufficiency. 

Most of the winter-operated groundhogs died, it is interesting to observe, 
with the approach of warmer weather in the spring, about the time of their 
natural emergence from hibernation. Two died in March, and five early 
in April. Two others which succumbed late in February, in their cage on 
the roof, were apparently victims of a severely cold spell of weather. 

Marmots which were kept in dens on the roof during the winter did not 


kg? day 
F. 6/29 11 rvt 
M. 6/29 10 
27/29 7.5 . 
M. 28 /29 3 +++ . 
M. 10/29 10 
F. 10/29 4.5 0 . 
M. 6/30 4 4 
M. 11/30 10 
M. 13/30 10 0 
F. 13/30 6 
M. 18/30 9 of * 
F. 18/20 8 
M. 23/31 11 ++ + 
M. 23/31 8 44 +4 
M. 24/31 6 44 Lo 
a 31/31 5 ro 44 
F. 31/31 6 
M. 9/31 9 +4 Lo 
F, 9/31 6 of 0 
M. 11/31 9 
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actually hibernate, it should be said; they were rather semi-dormant, 
sometimes for several days at a time, and only occasionally appeared out- 


side the dens to take food. 


TABLE 2 


The striking difference in the survival of sum- 


Blood sugar and non-protein nitrogen levels in animals (cats) showing symptoms of 


CAT 
NUMBER 


252 
255 
258 
259 


BLOOD 
NON- 
PROTEIN 
NITRO- 
GEN 


BLOOD 
SUGAR 


mgm 
per cent 


61 
67 
43 


65 


mgm 
per cent 


adrenal insufficiency 


CONDITION 


Weak 
Weak 
In convulsions 
In convulsions 


CAT 


NUMBER 


350 
357 
359 
360 


BLOOD 
SUGAR 


mgm 
per cent 


49 
50 
54 
42 


BLOOD 
NON- 


PROTEIN 


NITRO- 
GEN 
mgm 

per cent 


57 


CONDITION 


Weak 
Prostrated 
Weak 
Weak 


52 
32 


41 
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365 
366 
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383 
386 
388 
391 
395 


In convulsions Prostrated 
Weak 

Very weak 

In convulsions 
Prostrated 
Prostrated 
Very weak 
Prostrated 
Very weak 
Prostrated 

In convulsions 


261 
285 
316 
316 
320 
323 
338 
339 
342 
344 
346 


In convulsions 
Weak 

In convulsions 
Weak 

Weak 

Weak 

Weak 

Weak 

In convulsions 
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TABLE 3 


Survival and other observations on adrenalectomized opossums (Didelphys virginiana) 


AUTOPSY FINDINGS 


WEIGHT 
BEFORE 
OPERATION 


SURVIVAL 
AFTER 
OPERATION 


WEIGHT 
AT DEATH 


DATE OF 
OPERATION 


ANIMAL 
NUMBER 


Conges- 
tion of 
gastric 
mucosa 


Conges- 
tion of 
pancreas 


2/27/30 
2/27/30 
11/ 6/29 
11/ 6/29 
11/11 
11/29 
11/30/: 
11/ 7/: 
11/ 


* Tissues not examined. 


| 
57 
| 118 
39 
i 39 74 
57 60 
4 
47 56 
69 
| 56 78 
i 54 
50 71 
54 
51 76 
43 59 
4 kgm. kgm days 
1 F. 1.5 0 0 
2 M. 2.3 18 | 
| 3 M. 2.5 2 * * 
4 4 M. 2.2 1} 0 0 
i 5 M. 1.9 1.6 15 ++ +++ 
6 M. 2.4 21} 
i 7 M. 2.5 2.0 33 ++ | +++ 
| 8 F. 1.6 1.4 12 * * 
| 9 F. 1.9 1.8 2} 
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mer-operated and winter-operated groundhogs probably finds explana- 
tion in the correlated differences in metabolic activity. 


TABLE 4 
Observations on adrenalectomized marmots (Arctomys mona 


In practically all cases the operations were done in the summer 


WEIGHT 
ANIMAL . DATE OF BEFORE WEIGHT SURVIVA 
NUMBER " OPERATION : AT DEATH PERIOD 
OPERATION 


91 

92 

94 

95 

96 

116 

117 

120 

109 

121 

122 

104 

111 M. j 30 
118 M. ) 30 
123 2 6 30 


No bo 


wore 


tw t 


* Pancreas and stomach not examined. 


TABLE 5 


Survival and other observations on adrenalectomized marmots (Arctomys mona.) 


The operations were carried out during the winter. 


CONG ES- 


WEIGH t VIV 
ANIMAL DATE OF WEIGHT — TION OF 
NUMBER OPERATION ASTRIC 
operation | 4TPFATH | operation AT pris 
COs 


AUTOPSY 


CONG ER- 


days 
90 
128 
33 
93 
40 
35 
29 
118 
70 


101 
102 
103 
110 
112 
113 
114 
131 
133 
134 


Noe 
— 


w 


~ 


t 


* Tissues not examined. 


13 
kgm kgm days 
0.9 0.8 4 
0 1.9 2 ‘ 
3 1} 
2 4 . . 
3 
3 
5 + + + 
2 +--+ 0 
6 +4 ++-4 
4; ++ 0 
: 6 0 0 j 
1 4 
6 10 ot | +44 
9 6 +++ 0 
3 4 +++ + 
M. 1 ++ ++ 
M. 
M. 4 . . 
M. . 
M. 1 + + + 
F, 0 ++-+ 0 
M. 6 +++ 0 
F. 4 +++ ++ 
F. 4 ++ 
| F. 6 + +4 +4 + 


| 
4 
4 
4 
i 
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SUMMARY 


The results of adrenalectomy in the marmot and the opossum :7e not 
dissimilar from those observed in the cat. With the earliest appearance 
of symptoms of insufficiency, the blood sugar becomes significantly re- 
duced and the blood non-protein nitrogen considerably increased. Muscu- 
lar weakness in all the types studied is then followed by convulsions (com- 
monly) and eventually death ensues . 

Summer-operated groundhogs usually survive for 2 to 10 days follow- 
ing adrenal removal. Opossums may live for a few days to a few weeks 
after the operation. 

Death.from adrenal insufficiency is inevitable although long delayed in 
winter-operated groundhogs. Such animals survive throughout tbe nor- 
mal period of hibernation in apparent perfect health, although in common 
with their unoperated fellows they do not actually hibernate while in 
captivity. In early spring, death occurs with typical symptoms of ad- 
renal insufficiency. The extended survival through the winter is attributed 
to the lowered metabolic demands during this season. 

Pancreatic and gastric mucosal lesions are common in groundhogs and 
opossums, similarly as in cats dying after exclusion of the adrenal glands. 
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Within the past ten years there have probably been more attempts made 
by outstanding investigators to prepare an effective extract of the adrenal 
cortex than were ever before launched against a similar biological problem. 
Reports by a host of earlier investigators have been scattered through the 
press; unfortunately the ravages of time have not been charitably disposed 
in these cases. Ina recent article (Britton, 1930) the many contributions 
on adrenal extracts have been given extended consideration. 

The Hartman and Swingle-Pfiffner extracts. An advance which appears 
to be a consummation of the prolonged efforts of many investigators has 
been made by two schools of workers within the past year or so. Claims 
that potent aqueous extracts of the adrenal cortex have been prepared by 
Hartman and his collaborators at Buffalo (1930), and by Swingle and 
Pfiffner at Princeton (1931), have been given almost simultaneous publica- 
tion. Earlier preliminary reports by both groups of workers have appeared. 
It is indicated from the experiments which are quoted in each case that 
preparations which possess considerable efficacy have at last been obtained. 

In this laboratory we have prepared six batches of extract according to 
the technique devised by Hartman, and have tested the material a num- 
ber of timeg on adrenalectomized cats. In two animals showing insuffici- 
ency symptoms we observed distinct signs of improvement following the 
intraperitoneal injection of 20 ce. of the extract. Another animal, cat 262, 
which was treated with 2 ce. daily of the Hartman extract, survived 31 
days in good health; the extract was then withdrawn and the animal died 
overnight on the 41st day after the operation. At autopsy, however, : 
cortical accessory gland, of very small pea size, was found. While this 
would appear to invalidate the experiment, it may be said that in about 
twelve cases in which accessory cortical tissue has been found in 150 cats, 


1 Presented at a meeting of the Joint Session of the Federation of American Socie- 
ties for Experimental Biology at Montreal, April 11, 1931. 

2 Porter Fellow of the American Physiological Society. 

Grateful acknowledgment is made of aid received in the above investigation from 
the Grants-in-Aid Committee of the National Research Council. 
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life has been sustained after adrenal removal over two weeks in only two 
cases. 

Apparently the cortico-adrenal hormone was contained at least in small 
amount in our extracts prepared according to the Hartman method. On 
paper this method appeared simple; it could be done very rapidly and was 
also inexpensive. The technical difficulties in preparation, however, 
particularly in the elimination of inert lipoid substances and of adrenalin, 
led us to postpone further work with the material. This step was taken 
particularly in view of consistently good results which we were concurrently 
able to secure with extracts prepared by the Swingle-Pfiffner method. 
We regret that a full report of the Hartman extraction method did not 
appear in the papers in which success with the extract was claimed. De- 
tails of the method have, however, appeared in print at the time of this 
writing (Hartman and Brownell, 1931). Perla and Gottesman (1931) 
state that “Cortin’”’ protects adrenalectomized rats against histamine 
poisoning. 

A more recent method of extraction is that reported briefly by Zwemer, 
Agate, and Schroeder (1931). Noteworthy results are said to have been 
obtained by the injection of this material (Zwemer and Sullivan, 1931). 
Only preliminary publications of the work are at hand, however, and 
further comment now is hardly justified. 

Observations with the Swingle-Pfiffner extract. We have made and tested 
over sixty batches of cortico-adrenal extract made after the Swingle- 
Pfiffner process to date. At the kind invitation of Professor Swingle, 
two members of our staff were privileged to study intimately the technique 
of preparing the extract at the Princeton laboratories. Our first few 
batches of extract showed a low degree of potency; this was apparently 
because of failure at the abattoirs to remove the glands quickly enough 
from the cattle after slaughter. For several months now we have not 
failed to secure potent extracts. 


Preliminary reports of our observations with the use of the Swingle-Pfiffner ex- 
tract have been presented elsewhere (Britton and Silvette, 193la, b). We have modi- 
fied only slightly the method of preparation. The glands are exsected from the 
carcasses while still warm, and placed immediately in the freezing room at the abat- 
toir. Shipment is made to the laboratory in carbon dioxide snow. To avoid the 
considerable labor of scraping out the medulla, we have from the beginning of our 
experiments used the whole adrenal giands in making our extracts. While still in the 
frozen state the glands are finely ground, and then placed in 95 per cent ethyl alcohol, 
in the proportion of 2.5 liters of alcohol to one kilo of glandular tissue. The mixture 
is stirred frequently for three days. The supernatant fluid is filtered off and con- 
centrated in vacuo at 50-60 degrees to one-sixteenth the original volume. To the 
concentrate is added an equal volume of benzene, and the mixture is shaken and set 
aside in the ice-box for several hours. The benzene fraction is then siphoned off, 
and the alcoholic phase washed with fresh quantities of benzene until the washings 
are colorless. The tissue residue from the first alcoholic extraction is finely re- 
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ground, and then re-extracted with 80 per cent alcohol in the proportion of 2 liters 
of alcohol for each kilogram of whole glands originally used. After extraction for 
three days, with frequent stirring, the alcohol is filtered off, and concentrated in the 
same manner as in the first alcoholic fraction. Extraction with benzene is then 
carried out. 

All the benzene washings from the first and second alcoholic fractions are then 
combined, the benzene is removed at a temperature of approximately 50 degrees, 
and the brown, sticky residue is thoroughly mixed with 1000-1500 cc. of acetone and 
placed in the ice-box over night. The acetone is then decanted off, andafresh quan- 
tity added to the residue. This is allowed to stand in the ice-box, with frequent 
stirring, for several hours or overnight, and the acetone is then decanted. The 
residue is ground in a mortar with 100 cc. portions of acetone until the washings are 
colorless or only a pale yellow. The acetone washings are combined and distilled to 
dryness in vacuo at 40-45 degrees. 

To the residue are added, in a 500 cc. separatory funnel, 30 cc. of petrolic ether, 74 
ec. of 95 per cent alcohol, and finally 26cce. of water. The funnel is carefully inverted 
so that the fluids are intimately mixed but still remain unemulsified. While still in 
the separatory funnel they are set aside in the ice-box for several hours, until parti- 
tion between the petrolic ether and the 70 per cent alcohol phases is complete. The 
alcohol fraction is then run off, and 74 cc. of 95 per cent alcohol and 26 cc. of water are 
added, and the partition repeated. 

Both alcoholic fractions are then combined and allowed to drip through a column 
of permutit (about 30 grams) which has been previously saturated with 95 per cent 
alcohol. The last traces of the active material are washed out from the permutit by 
300 ec. of 95 per cent alcohol. The alcoholic solution is evaporated to dryness in 
vacuo at a temperature of 45 degrees. The quantity of distilled water necessary to 
make a final concentration of 40 grams of fresh whole gland per cubic centimeter of 
extract is added to the residue. After thorough mixing and maximum solution have 
taken place, the material is run through a Seitz filter into a sterile container, and 
it is then ready for use. 


In the process of preparation, the adrenalin originally present in the 
tissue of the whole gland (present particularly in the medulla but partly 
also in the cortex, according to some observers) seems to a large extent 
to disappear. Small amounts only are left in the crude extract, the rest 
having been either destroyed by inadvertent oxidation or differentially 
partitioned between the various solvents employed. These traces are 
readily removed by a small quantity of permutit—we have used thirty 
grams for each five kilos of glands. 

The final concentration of adrenalin present in our cortico-adrenal ex- 
tracts, using this method with the whole glands, we have almost invariably 
found to be between 1:2,000,000 and 1:4,000,000, when tested by the 
surviving intestinal strip method. The products which we have secured 
for the past eight months, with these slight modifications of the Swingle- 
Pfiffner (1931) technique, are apparently as potent as any which have yet 
been reported. 

It can be said positively that the extracts which we have made contain 
significant amounts of the cortico-adrenal hormone which is necessary for 
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the maintenance of life. The life-span of adrenalectomized cats is at least 
much prolonged, and apparently may be extended indefinitely, by the 
injection of suitable amounts of the material. In all cases under considera- 
tion except one (cat 279) we have used animals which were bilaterally 
adrenalectomized at one operation. When untreated, such animals in 
our experience (over 100 cases) survive usually for a week to ten days. 
There is a gradual weight loss; refusal of food is followed by symptoms of 
muscular weakness, complete prostration, and convulsive seizures. Death 
frequently occurs within 24 hours after the appearance of symptoms—al- 
most invariably before the end of two days. 

We have not given a great deal of our attention to observations on 
extending the life of adrenalectomized animals. At first, with small 
amounts only of the extract available, we tested the material on cats 
showing various degrees (symptoms) of adrenal insufficiency: there were 
found immediate and thoroughly convincing evidences of the efficacy of the 
extract, as shown in detail later. Thereafter we became interested in the 
possible blood-chemistry changes involved, and the influence of the sub- 
stance on other bodily functions. Supplies of the extract were also given 
trial in clinical cases. Because of these considerations, as well as on 
account of the protracted and costly demands of the experiments, we have 
included in our series only a few cases in which the survival periods were 


prolonged beyond the normal limits. Brief protocols are given below. 


Cat 257, female. Both adrenals removed October 31, 1930. Fasting blood sugar 
before operation, 80 mgm. per 100 cc. 

November 2, in good condition; weight 1.50 k. 

November 3, animal lethargic; extract commenced—l cc. per kilo no. 4 intraperi- 
toneally. 

November 4 and 5, 1 ce. no. 4 per kilo; anima] became much more active; weight 
1.6k. 

November 6~13, cat in good condition; blood sugar 87 mgm.; 2 cc. extract no. 4 per 
kilo per day. 

November 14, weight 1.66 k.; 2 ce. extract no. 4 per kilo. 

November 15, appears well. Weight 1.6k.;2 cc. extract no. 4 per kilo per day. 

November 16, fasting blood sugar 84 mgm. per 100 cc. 

November 17-19, 4.5 ce. per kilo extract no. 4 per day. 

November 20, 3 cc. per kilo extract no. 4 (all available); cat appeared well. 

November 21, 9 a.m., found in very weak state; weight 1.55 k.; 9:25, severe con- 
vulsions; at 9:30, gave 16 cc. extract no. 11 intraperitoneally (10 cc. per kilo). At 
11:30, blood sugar 71 mgm. per 100 cc.; cat much improved; ate large meal of salmon, 
washed itself. At 4:20 p.m., 6 cc. extract no. 11 (4 cc. per kilo); cat now very active, 
apparently normal. 

November 22-23, in good condition; given 2 cc. per kilo extract no. 11 intraperi- 
toneally. 

November 24, cat slightly weak. 

November 25, 8:30 a.m. to 11:45 a.m., cat in frequent convulsions; died at 11:50. 
Weight at death1.4k. At autopsy, abdominal viscera found to be congested; gastric 
and upper intestinal tract ulcerated; no accessory cortical tissues observed. 
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The potency of cortico-adrenal extract was very definite in the above 
experiment. The animal was kept in an apparently normal condition for 
20 days after bilateral adrenalectomy; it gained in weight; its fasting blood 
sugar remained at normal levels throughout. At the end of this period the 
extract which was injected, in reduced amount, had been in the laboratory 
over one month, and had probably lost considerably in strength. The ani- 
mal began to show symptoms of insufficiency, and convulsions set in 
The condition rapidly cleared up, however, under dosage with freshly- 
made cortical extract. Later, when extract administration was stopped, 
the animal quickly began to fail, and died with typical insufficiency symp- 
toms, 25 days after adrenal removal. 

The observations on animal 279 are perhaps more positive. They are 
given below in brief. 


Cat 279, female. November 26, right adrenal removed. December 9, 1930, left 
adrenal removed; weight 2.06 k. 

December 10, treatment begun; 2 cc. per kilo extract no. 16 intraperitoneally 

December 11-16, 2 cc. extract no. 16 per kilo. Weight on December 16, 2.32 k. 
Cat in very vigorous condition. 

December 17-20, 3 cc. extract no. 16 per kilo. 

December 20-29, 3 cc. extract no. 23 per kilo. Animal appears normal, very 
active. 

December 30-January 8, 1931, 3 ce. no. 24 per kilo. Weight on January 6, 2.52 k. 

January 9, 1931, animal eating well, fat, active. Extract discontinued at this 
time. 

January 13, weight 2.29k. Cat lethargic; eating much less. 

January 15, inactive; weight 2.26 k. 

January 24, very slight weakness shown. 

January 26, 8:30 a.m., cat found in convulsions; died at 8:45 a.m. with typical 
insufficiency symptoms. Weight at death2.08k. Autopsy—gastric mucosa slightly 
congested; otherwise negative. 


After complete removal of the adrenals this animal survived with treat- 
ment for 48 days. Twenty-one days after operation it had gained 460 
grams or 25 per cent in body weight. Following discontinuance of the 
extract there was a gradual loss of weight, and eventually the animal died 
with the usual symptoms of insufficiency. 

In two other cases we kept animals alive after adrenalectomy, by giving 
extract treatment, for two weeks. Numerous observations on blood 
constituents were made on these animals. The injections of extract were 
withdrawn and death occurred within two days. 


The restoration of adrenalectomized animals, showing symptoms of in- 
sufficiency, with cortico-adrenal extract. The rapid amelioration of even 
the severest symptoms which follow removal of the adrenal glands, by the 
Swingle-Pfiffner cortico-adrenal extract, is more astonishing than the 
development of the symptoms themselves. Whereas an animal, observed 
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about a week or ten days after operation, may obviously have been in a 
dying condition for many hours, indubitable signs of restoration to normal 
may appear as early as ten or twenty minutes after administration of the 
extract. Animals which have refused to take food for two or three days 
previously need no enticing, but have been observed to eat readily within 
two or three hours following extract injection. 

In a cat showing severe prostration with adrenal insufficiency, six or 
eight days after excision of the glands, the typical course of recovery occurs 
as follows: Convulsions are suppressed within 5 to 10 minutes after the 
intraperitoneal injection of about 20 cc. of the extract, and in 10 or 20 


TABLE 1 
Observations on the resuscitation of adrenalectomized animals (cats) with extract of the 
adenal cortex 
CONDITION BEFORE 


EXTRACT OBSERVATIONS 
WAS GIVEN* 


CAT 
NUMBER 


257 : In convulsions | Improved in 30 minutes; walking about in 1 
hour; ate 2 hours after injection 
In convulsions | Improved 30 minutes after injection; in 
vigorous condition 6 hours later 
In convulsions | Again rapidly resuscitated following ad- 
ministration of extract 
Comatose Sat up 15 minutes after injection; appeared 
normal 1 hour later 
In convulsions | Recovery from extreme prostration in 4 hours 
Comatose Cat in vigorous condition 5 hours after 
injection 
In convulsions | Appeared normal within 3 hours; ate salmon 
In convulsions | Signs of recovery in 30 minutes; later ate 
salmon 
13/: In convulsions | Much improved in 1 hour; took food later 
15/31 | Prostrated Walking about 15 minutes after injection 
18/31 | In convulsions | Improved within 30 minutes 


* In all cases large amounts of extract, from 10 to 25 cc., were given (see later). 


minutes a noticeable interest is shown by the animal in its surroundings. 
Before 30 minutes have passed it is usually sitting up, and within the hour 
it may be walking about normally, or at first with a somewhat rambling 
gait. During the second hour after injection a growing appreciation of a 
dish of food is evidenced, and eventually from 50 to 100 grams of meat may 
be taken. If more is allowed, vomiting may occur. More recently we 
have observed young animals take food ravenously as early as 45 minutes 
after the oral administration of extract. In table 1 are given several of 
our earlier observations of the recovery of animals, with cortico-adrenal 
extract, from different symptomatic degrees of insufficiency. 
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The decline of adrenalectomized animals and their recovery with extracts 
of the adrenal cortex may be in many respects compared to the decline of 
insulinized animals and their restoration with the adreno-medullary 
hormone. All phases in the latter case are commonly, to be sure, much 
quicker in action; in many instances the resuscitation from insulin shock 


rABLE 2 


Blood-chemical changes in adrenalectomized cats following injection of 
extract 


In all cases the animals showed symptoms of insufficiency. 


BLOOD 
BLOOD SUGAR NON-PROTEIN 
NITROGEN 


AMOUNT 
CAT EXTRACT 
EXTRACT 
NUMBER NUMBER In- 


— Before After | crease Before 
In- In- in in- 
jection | jection | blood jection 
sugar 


mgm mgm 
per cent per cen 


67 94 40 
39 100 156 
69 80 
56 68 
50 61 
43 80 
49 135 
41 52 
79 


147 


per cent 


3 

3 10 

3 30* 

3 10* 

4/ 2/31 |} 20* 57 
4 20 54 

4 20 8 60 

5 31 20* 63 47 159 
5/25/31 20* 65 43 147 


* Extract given by mouth; all other injections given intraperitoneally. 


with adrenalin is nevertheless protracted for a period approximating that 
taken by cortical extract to relieve adrenal insufficiency. 

Changes in heart rate and body temperature. At the time of the first 
appearance of symptoms in adrenalectomized animals, the heart rate and 
also the body temperature have been found to be somewhat augmented. 
Later, subnormal levels have been noted, in common with other observers. 


kom. perce how 

255 10/28/30 } 2 3.0 
285 3/31 8) 38 74 80 18.5 
321 4/31 8 28 3.5 
323 5/31 6 29 g 0 
339 16/31 10 29 1.5 
346 18/31 10 32 4.0 
350 3/31 19 36 57 62 12.0 
363 2/31 17 35 12.0 
365 2/31 8 36 13.5 
366 3/31 11 38 41 |_| 258 100 88 11.0 
374 / 9/31 5 40 34 44 30 1.5 
375 3/ 9/31 5 40 34 44 30 1.0 
375 150 13.0 
375 37 5.0 
386 34 147 4-4 24.0 
388 37 45 48 18.0 
388 61 5O 24 2.5 
389 66 41 27 25.0 
398 40 51 34 8.5 
444 217 7.0 
444 241 7.5 
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In the normal cat the resting heart rate is about 120 per minute, and the 
rectal temperature is about 38°. In adrenalectomized animals showing 
symptoms of insufficiency, changes toward or above the normal have been 
found in several cases following the administration of cortico-adrenal ex- 
tract, as follows: heart rates, 124-160, 128-144, 80-110, 100-232, 90-180, 
128-172; deep rectal temperatures, 37.6-38.9, 33.1-36.1, 35.3-38.0, 35.5 
39.1, 36.5-38.8. That these changes are related to increased metabolic 
activities, such as have been observed recently (Swingle and Pfiffner, 
1931), appears undoubted. 

In the normal animal and in man we have observed no significant cardiac 
acceleration after cortico-adrenal extract administration. The quick 
changes which we have sometimes observed, it should be said, may be 
attributed to the presence of adrenalin in the extract. 


Effect of Cortico-Adrenal Extract 
on Blood Sugar of Adrenalectomized Cats 


3 


4 
2 
a 
So 
a 
= 
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Fig. 1 


The effects of cortico-adrenal extract on blood sugar and non-protein nitrogen. 
The occurrence of low blood sugar and high non-protein nitrogen levels in 
adrenalectomized animals has been repeatedly noted (Britton, 1930). The 
hypotheses that death following adrenal removal might be due to profound 
interference with carbohydrate metabolism (hence the marked hypogly- 
cemia), or to a general intoxication (as with unremovable products of pro- 
tein metabolism), led us to investigate the effects of cortico-adrenal extract 
on the connected blood-chemical conditions in animals showing symptoms 
of deficiency. 

In summary in table 2 are given the changes which have been observed 
in blood sugar and non-protein nitrogen levels in a series of over twenty 
cases. The initial glycemic percentages before the injection of extract, it 
may be noted, are considerably below the normal levels, while the non- 
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protein nitrogen values are greatly augmented. Symptoms varying from 
slight weakness to severe prostration were present in all cases. The ani- 
mals had been fasting for 24 to 48 hours before observations were carried 
out. Following cortical extract administration, there occurred note- 
worthy changes towards the normal in all but a few instances, in both 
sugar and non-protein nitrogen. The blood sugar method used was that of 
Folin and Malmros (1929), and the non-protein nitrogen method that of 
Folin and Svedberg (1930). 

In five cases out of eight the blood non-protein nitrogen was significantly 
lowered, while in three cases there were negligibly small rises. The latter 


rABLI 


Data indicating that the blood sugar raising power of corlico-adrenal extract 
tional to the amount injected and the time during which it act 


BLOOD SUGAR TIME 
CAT EXTRACT BETWEEN 


NUMBER NUMBER Por cent BLOOD 


Initial Final SAMPLES 
rise 


c. perkgm 
5 


10 


31 8 15 


3/10/31 119 
‘10/31 171 


18/31 20t 63 219 
25/31 20T 65 43 241 


* Percentage rise in blood sugar, per cc. of extract injected (q) per kilo weight of 
animal (w) per hour (t). 
t Extract given by mouth. 


were practically within the limits of error of the method used. The 
tendency to approximate normal nitrogen levels was particularly observed 
when relatively large doses of the extract were given. In our earlier report 
sufficient consideration was not given to the latter point, and small changes 


only were observed. 

Consistent increments in blood sugar followed in all cases the injection 
of cortico-adrenal extract (see fig. 1). In most cases the change was from 
the hypoglycemic to the normal level; in six experiments the sugar percent- 
age rose to 100 mgm. per cent or considerably higher. The latter cases 


23 
3 
hours 

316 1/29/31 || 27 47 75 60 5.5 1.1 
350) 2/27/31 10 35 92 112 22 6.5 0.34 
- 3/ 1/31 12 35 81 95 17 4.5 0.32 
ae 3/ 3/31 6? 38 79 103 30 6.5 0.91 
3/ / 4.0 0.94 
‘ 5.5 2.3 

5 4.9 lo.9 
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BRITTON 
represented increases above the initial levels of 100 to over 250 per cent. 
The hyperglycemia-producing effect on adrenalectomized animals of 
extract of the adrenal cortex is therefore apparent. 

Blood sugar and non-protein nitrogen changes in normal animals. The 
effects of cortico-adrenal extract on blood sugar and non-protein nitrogen 
have been studied in a series of normal cats, and also in a few rats and 
In all cases the results were similar to those observed in adrenal- 
Table 4 presents the data derived from a series of 


rabbits. 
ectomized animals. 
normal cats. 
Injections of the extract were given intraperitoneally. On both the 
blood sugar and non-protein nitrogen levels the effects were most marked 
at the fourth hour after injection. The larger amounts of extract which 


TABLE 4 


Changes in blood sugar and non-protein nitrogen produced in fasting, normal cats by 
cortico-adrenal extract 


CAT 
NUMBER 


BLOOD SUGAR 

INCREASE 

IN BLOOD 
SUGAR 


AMOUNT 
EXTRACT 


After extract given 
GIVEN 2 


Fasting 
level 


BLOOD NON-PROTEIN NITROGEN 


— After extract given 
Fasting 
level 

2 hours | 4 hours | 5 hours 


2 hours | 4 hours | 5 hours 


mgm. 
per cent |per 


36 33 32 38 
42 34 
31 35 


mgm mgm mgm 


ce mgm mgm mgm. mgm 
cen'|per cent\per cent 


per kgm. per cent |per cent|per cent)per cent 
561 98 105 | 120} 103 
562 81 84 94 92 
563 100 103 | 129}; 110) 
564 82 | 90 94 93 
565 100 | 144] 171} 141 
566 102 | 116| 135 | 109 
567 101 118 | 150) 117) 


per cent 


“Ie bo 
wom tw 


29 35 
2 3l 
30 31 


were used produced the greater increases in blood sugar, and the great 
reductions in non-protein nitrogen. There were also observed slight 
diminutions in blood cell volume, but these were not outside the limits of 
error of the method. 

It should be stated that young cats were much more responsive to the 
extract than older animals. The changes in rats and rabbits also were not 
as marked as in partly-grown cats and kittens. The fasting blood sugar 
and non-protein nitrogen levels are also affected in man as in animals, when 
the extract is given by intramuscular or intravenous injection (Flippin and 
Britton, 1931). 

Influence on blood cell concentration. It is often difficult to secure even 
0.1 ce. of blood peripherally from an adrenalectomized cat showing symp- 
toms of insufficiency, and we have sometimes had to resort to cardiac 
puncture for samples. Within thirty minutes or so after the injection of 
cortical extract the blood flows readily from even a small ear vein, however, 
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and 1 ec. or more may be secured. Hematocrit determinations made on 
animals under extract treatment showed considerable shifts in blood con- 
centration. In about twenty unoperated cats, it should be said, the 
readings of blood cell volume normally varied between 34 and 44 per cent 
These values are much increased in adrenalectomized animals showing 
symptoms of insufficiency. 

In several cases in which we made examination of adrenalectomized 
animals before and after extract injection the changes were as follows: 
Blood cell volume reduced from 49 to 40 per cent, 65 to 50, 49 to 43, 52 to 
41, 54 to 47, 42 to 37, 38 to 33, and 36 to 27. These changes were observed 
a few hours after treatment, and the lower levels were often sustained for 
12 to 48 hours. 

Intraperitoneal injections of similar amounts of saline solution also pro- 
duced diminutions from the high blood cell concentrations observed in 
adrenal insufficiency. In these cases, however, the shifts occurred rapidly, 
within a few minutes or an hour, and they were not maintained. 

Proportional effects of cortico-adrenal extract. In cases in which the same 
batch of extract was used two or three times on the same adrenalectomized 
animal, it was observed that there was a direct effect on the blood-sugar 
level, according to the amount of extract given and the time through which 
it acted. A number of examples of this proportionality are given in table 3. 
An injection of 10 ce. per kilo produces approximately twice the percentage 
rise in blood sugar as does one of 5 ee. per kilo. It may be said that in 
general the blood-sugar-raising power of the extract is a direct function of 
the amount injected, and of the elapsed time. 

For the same animal, and for the same or different days, amounts (abso- 
lute) of extract injected, and initial blood-sugar values, similar quotients 
are obtained, as shown in the last column of the table. From the different 
batches of extract used it is apparent that different figures are usually 
derived; the many and prolonged procedures involved in the present method 
of preparation would hardly allow, indeed, a uniform potency for the 
material. 

Cortical extract effects compared with those produced by adrenalin. The 
possibility of the restorative effects and the blood-sugar changes being 
produced by adrenalin present in the extracts has been considered. A 
number of adrenalectomized cats with symptoms, and also normal animals, 
were injected with adrenalin in similar dilution and amount to that found 
in the cortical extracts used—i.e., between 1:2,000,000 and 1:4,000,000 
parts of adrenalin, in amounts up to 10 or 20 ce. per kilo weight of eat. 
The results are shown briefly in table 5. 

The recovery of enfeebled adrenalectomized animals followed within an 
hour or two after adrenalin administration, but the apparent good effect 
was not long maintained. The animals were not stimulated to take food, 
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as they were with cortico-adrenal extract. Vomiting followed, if somewhat 
larger doses of adrenalin were injected. The usual train of symptoms 
observed in adrenal insufficiency was apparently only slightly ameliorated 
by adrenalin which was given when the animals were weak or prostrated. 

Such amounts and concentrations of adrenalin as were used, by intra- 
peritoneal injection, produced only small increases in blood sugar in both 
adrenalectomized and normal animals. The changes were moreover quite 
transient—within an hour or so after injection, diminutions to the pre- 
injection levels were commonly observed. 


TABLE 5 


Adrenalin effects on cats showing symptoms of adrenal insufficiency 


BLOOD SUGAR 
CONDITION 


CAT DATE 
BEFORE PENAL 


adre- adre- 
nalin nalin 


RESULT 


mgm mgm. 
per cent | per cent 


Prostrated Good temporary recovery; 
died within 12 hours 
Prostrated 86 Apparently good recovery; 
died next day 
Convulsions 3: Recovered temporarily; died 
| 24hours later 
335 : Convulsions Rapid improvement; died next 
day 
359 é : Weak f 8 Convulsions 6 hours after in- 
jection; died overnight 
366 3/ 6/31 Slightly weak 62 Apparently restored 
366 3/ 7/31 | Weak Temporary improvement 
366 3/ 8/31 | Very weak 5: 57 Died overnight 


* 5 hours after adrenalin; other samples taken approximately 1 hour after adre- 
nalin given. 

Between 10 and 20 cc. of 1:2,000,000 or 1:4,000,000 adrenalin, i.e., similar to the 
amounts and concentrations present in cortico-adrenal extract, were injected 
intraperitoneally. 


In marked contrast to the foregoing is the gradual augmentation of the 
blood-sugar percentage following the injection of cortico-adrenal extract, 
to reach a maximum in about eight or ten hours. Single large doses of the 
material were observed to produce this effect. In 24 to 48 hours after 
injection, in animals in which both adrenal glands had been removed, the 
sugar level gradually declined, and the hypoglycemic condition again set 
in unless re-injections of the extract were given. In contrast also to the 
action of the cortical hormone is the merely temporary effect of adrenalin, 
as noted above, in resuscitating prostrated adrenalectomized animals (see 
table 5). 
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Our observations are not in agreement with the recent remarks of 
Swingle and Pfiffner (1931). The latter observers state that adrenalecto- 
mized animals with severe symptoms show no improvement in their 
condition and ‘‘derive no benefit from the injections” of adrenalin. At 
least a transient amelioration of the symptoms of adrenal insufficiency may 
be effected by the medullary hormone. 
Extracts of testes, brain, liver, spleen, and heart muscle. Certain hormones 
and similar chemical agents which are normally found in large percentage 


in specific bodily organs may also be present in other variously-situated 


tissues of the body (e.g., insulin, adrenalin). The mesodermal origin of 


rABLE 6 
Effects of glucose solution on animals suffering from adrenal insu 
BLOOD SUGAR 


CAT DATE CONDITION BEFORE = 
NUMBER OBSERVED iLUCOSE GIVEN* 


glucose | glucose 


mgm mgm 
per cent' per cent 


Weak 67 75 Died 9 hours after injection 

Convulsions Slight improvement; died 6 
hours after glucose given 

Prostrated Temporary improvement; died 
next day 

Very weak 5 Improved, but died 4 hours 
after injection 

Weak Died over night 

Slight weakness Animal died next day 

Weak 2: Apparently restored; died 30 
hours later 

Prostrated Apparent recovery; found dead 
next day 


* Usually between 10 cc. and 20 cc. of 10 per cent or 20 per cent glucose solution 
were given intraperitoneally. 


the gonads and their partly comparable cell-structure, and the high 
lipoidal content of the cerebral tissues, suggest correlations in activity with 
the cortex of the adrenal glands. The development of a method by which 
potent extracts of the adrenal cortex may be consistently produced has 
allowed the testing of extracts of these and other tissues. 

Extracts of the testes, brain, liver, spleen, and heart muscle have been 
tested on cats showing different degrees of adrenal insufficiency. From 
100 to 300 cc. of each extract were prepared, the same technique as that 
used for cortico-adrenal extract being employed in all cases. Large doses 
were given, and each extract was tested on three or more animals. In 
every case, however, the results were wholly negative: the symptoms 


| 

250 2/ 6/30 

273 12/12/30 

323 2/ 5/31 

357 3/ 3/31 

285 3/ 4/31 

350 3/ 4/31 

381 3/18/31 

405 4/ 4/31 
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and blood-chemical conditions of adrenal insufficiency were not affected, 
and the post-operative survival periods were not extended. Similar 
negative results were observed in a series of cases in which pituitrin, ergota- 
mine, and ephedrine solutions were tested. 

Effects of glucose on adrenal insufficiency. Observation that noteworthy 
rises in blood sugar were correlated with recovery by cortico-adrenal extract 
from the severe prostration of adrenal insufficiency led to the consideration 
of glucose effects on the condition. Eight animals showing different 
degrees of insufficiency were injected with varying amounts and strengths 
of glucose solution, up to 25 ee. of a 20 per cent solution. In a few cases 
the blood-sugar levels were determined before injection and just before 
death of the animals, which usually occurred several hours after glucose 
treatment. 

It will be observed from table 6 that only temporary improvement in 
condition followed the administration of glucose solution; commonly, 
indeed, death occurred within 24 hours. In the cases examined, the sugar 
values were nevertheless increased to within the normal or even hyper- 
glycemic levels. 

Insulin shock and cortical extract. Hypoglycemic and convulsive reac- 
tions which follow insulin overdosage appear to be scarcely affected when 
large doses of extract of the adrenal cortex are given intraperitoneally 
or intracardially. When the material is given as a preliminary measure, 
an hour or so before the administration of insulin, the action of the latter 
also appears to be relatively unaffected. The possibility that a protective 
effect against insulin shock may be secured by cortical extract injection 


some days previously to insulin injection was furthermore not sustained. 
The well known effect of adrenalin in alleviating the severe symptoms of 
insulin intoxication does not find a parallel in the action of the new cortico- 


adrenal hormone. 

The biological assay of cortico-adrenal extract. Changes in the blood 
constituents of both adrenalectomized and normal animals such as reported 
herein suggest methods of biological assay of the extract. On normal 
animals a considerable amount of the material is necessary to bring about 
a notable increase in blood sugar, and no positive indication of the presence 
of the life-maintaining hormone is secured from such an experiment. 
Young animals apparently respond better than older ones. The restoration 
of animals showing symptoms of adrenal insufficiency, and the concurrent 
rise in blood sugar, have furnished indubitable evidence of hormonal 
potency in our experiments. 

Adrenalectomized cats showing symptoms of deficiency are therefore 
suggested as very suitable test objects for cortico-adrenal extracts. We 
feel that there is still considerable variability in the strength of the extracts 
prepared according to the Swingle-Pfiffner technique. Five cubie centi- 
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meters per kilo of an ordinarily potent extract should nevertheless restore 


a prostrated, adrenalectomized cat to an apparently normal condition in 


five hours, with an accompanying blood sugar increase of 25 to 50 per cent. 

The possible significance of blood-sugar changes produced by cortico-adrenal 
extract. The increases in available sugar in the blood which follow cortico- 
adrenal extract administration stimulate inquiry on many considerations. 
While the blood sugar in untreated adrenalectomized animals is very low, 
the blood volume is apparently much diminished; when the sugar level is 
augmented by extract injection, the circulating blood appears to be notably 
increased. Considerable percentage increases in blood sugar frequently 
take place. The absolute amount of sugar in the blood is, therefore, proba- 
bly very greatly increased. 

These changes are produced notwithstanding the great reduction in 
hepatic glycogen reserves which occurs in severe adrenal insufficiency. 
In the muscular tissues also the glycogen is notably decreased. It would 
seem from the present results that an important and necessary function of 
the cortico-adrenal hormone is therefore to provide the indispensable 
carbohydrate fuel for use by the muscular tissues, by making it available 
through the blood stream. Perhaps this is indicative of the primary ac- 
tion which is involved. The concurrent circulatory and temperature 
effects would appear to be general expressions such as are related to all 
body recovery processes. The non-protein nitrogen changes in the blood, 
which are relatively small in extent, are possibly also indirect actions of the 
hormone, brought about by enhanced renal secretion following circulatory 
improvement. 

While the blood sugar increments might possibly be effected through 
glycogenolysis occurring in the liver, other sources should be considered. 
The very slow rise in the sugar level which follows extract injection does 
not, indeed, suggest the hepatic origin of the material. The formation 
of carbohydrate from blood lactates, or possibly from fatty acids or protein 
materials, should indeed be entertained. Ina few preliminary experiments 
in which we have tested some of these possibilities, the results indicate 
that the blood lactates are much increased in cases of adrenal insufficiency, 
and that decreases are brought about, along with the increase in blood 
sugar, by cortico-adrenal extract administration. In some eases, too, the 
liver glycogen percentage is increased. These observations are at present 
being given further test. 

Notes on dosage, and the possible presence of two hormones in the adrenal 
corter. The necessity of administering large amounts of extract in order 
to bring about the resuscitation of adrenalectomized animals became ap- 
parent early in the work. The quantities used represented relatively huge 
amounts of cortical tissue—sometimes, indeed, two thousand times or 
more than the amount present in the normal cat. Swingle and Pfiffner, as 
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well as ourselves, often gave from 15 to over 30 ec. of the extract in order 
to bring about the restoration of animals with symptoms of insufficiency. 

Such amounts of extract represent, it may be noted, up to 1,000 grams 
of adrenal cortex, given in one or more doses in the course of about twelve 
hours. And the normal cat of about two kilos in weight possesses only 
from two to three hundred milligrams of cortico-adrenal tissue altogether! 
That previous observers may not have secured noteworthy effects with 
their cortical extracts because of failure to employ it in sufficient, heroic 
dosage appears somewhat likely. 

It is interesting to note, however, that these very large doses of extract 
have apparently no nocuous effects on small animals when given intra- 
peritoneally. We have also observed it to be non-toxic when given by 
subcutaneous, intramuscular, intravenous or intracardial injection. The 
latter route is particularly effective in resuscitating comatose animals. 
We have frequently used the extract in doses of 20 to 30 cc. intravenously 
in man without ill effect (Flippin and Britton, 1931). 

The yield of hormone per gram of tissue in the extract made by the present 
methods does not appear large. Extracts made according to the Swingle- 
Pfiffner technique do, however, contain readily demonstrable amounts of 
the potent factor present in the adrenal cortex. To only the casual 
observer the results of the biological method of proof of hormonal potency 
must appear convincing. Even when the final word of chemistry has been 
said on the matter, it hardly seems likely that the crucial test on the 
organism will have lost its force. 

The objection of some observers to the term “‘hormone’”’ in the present 
case thus does not appear valid. It may be suggested, indeed, that the 
possibility of the presence ef at least two hormones in the cortico-adrenal 
tissues may be entertained. In the present series of papers the demonstra- 
tion that profound effects are brought about by cortico-adrenal extract on 
such widely different activities as are represented by carbohydrate metabo- 
lism and sexual development (Corey and Britton, 1931) invites early con- 
sideration of this possible duality. 


SUMMARY 


The survival period of adrenalectomized cats may be prolonged and 
possibly indefinitely extended by the administration of extract of the 
adrenal cortex, which has been prepared in this laboratory according to 
the method of Swingle and Pfiffner. The repeated resuscitation of oper- 
ated, animals with cortico-adrenal extract, even when they show the 
severest symptoms of adrenal insufficiency, offers very convincing testi- 
mony of the potency of the material. 

The restorative effects produced by cortico-adrenal extract on adrena- 
lectomized animals are somewhat similar to those of adrenalin on insulin 
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shock, although they occur more slowly: the convulsions and weakness of 
adrenal insufficiency are abolished, the blood sugar is increased from hypo- 
glycemic to normal or even hyperglycemic levels, the body temperature is 
raised, and the heart rate is increased; a ravenous desire for food may then 
be shown by the animal. This interesting parallelism in activity between 
the hormones of the cortical and medullary portions of the adrenal gland 
is discussed. The convulsions of insulin hypoglycemia are, however, not 
affected by cortico-adrenal extract. 

The blood-sugar-raising ability of the extract has shown a definite pro- 
portionality in many cases: in general, it is a direct function of the amount 
of material injected and of the elapsed time. 

Adrenalectomized cats showing symptoms of insufficiency are very 
suitable test objects for cortico-adrenal extracts. Five cubic centimeters 
per kilo of an ordinarily potent extract should restore a prostrated animal 
to a normal condition, with an accompanying blood sugar increase of 25 to 
50 per cent, within five hours. 

Significant diminutions in the non-protein nitrogen, and in the blood 
cell concentration, are also produced in cases of experimental adrenal in- 
sufficiency by the administration of cortico-adrenal extract. 

Blood sugar and non-protein nitrogen changes are found in normal fast- 
ing rats, rabbits and eats, and also in man, following extract injection. 
The changes are not so great as in operated animals, however, and they 
are also less prolonged. 

The effects of the extract on adrenalectomized animals are not due to 
the small amount of adrenalin it contains. When animals showing in- 
sufficiency symptoms are injected with adrenalin in similar dilution and 
amount to that found in cortico-adrenal extract, the restorative effects are 
merely temporary and death is postponed for a few hours only. The action 
of glucose solution is also only slightly palliative. 

Extracts of the testes, brain, liver, spleen, and heart muscle, prepared in 
the same manner as cortico-adrenal extract, have been tested on animals 
showing different degrees of adrenal insufficiency. In all cases the results 
were negative. Pituitrin, ephedrine and ergotamine solutions were also 
without effect. 

Relatively huge amounts of extract, representing in cortical tissue up to 
two or three thousand times the amount present in the normal cat, are 
often necessary to effect the recovery of prostrated, adrenalectomized 
animals. Low yields are apparently obtained by the present extraction 
methods. 

Observation that animals from which all the adrenal tissue has been 
removed may be kept alive with extracts of the cortex indicate the dis- 
pensability but not the inutility of the adrenomedullary secretion. 

The possible significance of the blood-sugar changes which are produced 
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by cortico-adrenal extract is discussed. It is suggested that the primary 
action of the (life-preserving) hormone of the adrenal cortex is concerned 
with the maintenance of normal carbohydrate balance in the body. 

Consideration that cortico-adrenal extract maintains the life of adrenalec- 
tomized animals, and also markedly influences sexual maturity—two 
apparently widely-separated functions—suggests the presence in the 
material of two distinct hormones. 
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Considerable evidence has accumulated over many decades that a 
close connection exists between cortico-adrenal activity and the functions 
of the sex glands. Although chiefly clinical, the observations have com- 
monly shown a striking consistency, and an intimate physiological inter- 
relationship is now considered by many to be well established. One text 
book (Macleod, 1930) brings forward a great deal of evidence under seven 
headings indicating that the adrenal cortex and the sexual organs are 
related. 

As long ago as 1806 it was pointed out by Meckel that anatomical and 
certain pathological conditions suggested an intimate association of the 
adrenals and the gonads (paper by Nagle, 1836). In more recent years 
Bullock and Sequiera (1905) and Guthrie and Emery (1907) have related 
hypertrophy of the adrenal cortex to sexual precocity and to pregnancy. 
That growth and differentiation of the sex cells is dependent in some way 
on cortico-adrenal secretion has been advanced by Glynn (1912, 1921 
A good deal of the later literature on the subject may be found in the 
papers by this author. Knowledge that both cortico-adrenal and gonadal 
tissues arise in the embryo from a common mesodermal primordium, and 
also that there is a striking similarity between the cells of the cortex and 
those of the corpus luteum, gives further weight to the above views. A 
report by Miiller (1931) indicates, however, that adrenalin-free extracts 
of the adrenal cortex may produce regressive changes of the sexual appara- 
tus in rats. 

Feeding experiments which have been carried out by Hoskins and 
Hoskins (1916) and by McKinley and Fisher (1926) are in part corrobora- 
tive. Jaffe and Marine (1923) have noted ovarian enlargement, affecting 
chiefly the interstitial cells, in rabbits which had been adrenalectomized 
and survived over thirty days. No changes were found in the testes. 


1 Reported in part at the plenary session of the meeting of the Federation of 
American Societies for Experimental Biology at Montreal, April 11, 1931 

Grateful acknowledgment is made of aid in the above investigation received from 
the Grants-in-Aid Committee of the National Research Council. 
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The length of the oestrous cycle in rats was unaffected after adrenal re- 
moval, according to Schiffer and Nice (1930). Recent reports (Papanico- 
laou, 1931) on changes produced in the adrenal cortex by injections of 
urine, obtained from both pregnant women and cattle, are suggestive. 

MATERIALS AND METHODS. While the clinical literature is therefore 
definitely indicative on the subject, experimental data in confirmation of 
the gonad-adrenal hypothesis are meager and inadequate. The develop- 
ment within the past year or so of potent extracts of the adrenal cortex 
(Hartman and Brownell, 1930; Swingle and Pfiffner, 1931) have led, how- 
ever, to a new era in adrenal physiology, and many indications of the 
profound effects of this material have already been reported (Hartman et al., 
1930; Swingle and Pfiffner, 193la, b; Britton and Silvette, 193la, b; 
Zwemer et al., 193la, b). During the past year we have prepared over 
sixty batches of cortico-adrenal extract in this laboratory, and have used 
it experimentally and also clinically (Britton and Silvette, 193la, b). In 
view of the foregoing considerations, we have tested these extracts of the 
adrenal cortex, which were made according to the Swingle-Pfiffner tech- 
nique, on immature male and female rats, with the possibility in mind of 
producing early sexual activity in such animals. A preliminary report 
(Corey and Britton, 1931) indicates that positive results have been forth- 
coming in these experiments. 

Albino rats of Wistar strain were used throughout the investigation, 
the original stock entering the laboratory about six months previously. 
The animals were fed on a standard mixed meal diet. No deaths occurred 
among either the experimental or the control animals throughout the 
entire period of experimentation. Injections of extract were in all cases 
made intraperitoneally. The different batches of extract used were pro- 
tein-free and sterile; they were also of proven potency, as demonstrated 
by their effectiveness in resuscitating prostrate adrenalectomized cats, 
and in maintaining them alive in good condition. Litter-mate controls 
were used in all cases; these were injected with similar amounts of normal 
saline solution. Furthermore, injections of similar quantities of adrenalin 
of like dilution to that found in the cortical extract—1 :2,000,000—were also 


given in control experiments. The latter failed, it may be said, to elicit 


any maturation response. 

Resutts. No ill effects were observed on the administration of the 
Seitz-filtered cortico-adrenal extract, even in the case of 4-day-old rats. 
The animals appeared to be in normal good health throughout the period 
of injection. Nursing animals were frequently observed, indeed, to return 
to the mother within a few seconds after injection. All organs examined 
were fixed in Bouin’s solution, and cleared in xylol. Identical treatment 
of all tissues was rigidly practised throughout. 

Briefly, the chief observed results of injection of the extract were pre- 
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TABLE 1 


| 5 days 


DURATION 
OF PERIOD OF 
INJECTION 


DAILY DOSAGE 


1 week—2 | icc. 
2 weeks—2 
cc. per 10 


gr. rat 


ce. alter- 
nate days 
ce. 


days 


1 week—2 
2 weeks—2 
1 week—2 
2 weeks—2 
2 weeks alter- 
nate days 


cc. 


weeks ce. 


PRECOCIOUS SEXUAL 


EQUIVA- 


LENT IN 


GLAND 
CORTI- 
CAL) SUB- 
STANCE 


grams 


- 
‘ 


30 


MATURITY 


OPSERVATIONS ON EXPERIMENTAL 
ANIMALS 


Male and 
immature 

Pituitary 
slight if any change in 
gonads 

All cases negative; pitui- 
tary not sectioned 

Organs immature; pitui- 
tary not sectioned 

Negative; pituitary 
sectioned 

Ovaries maturing; folli- 
cles large; uterine hy- 
pertrophy not observed 

Markedly positive in fe- 

follicles much 


female organs 


hypertrophy; 


not 


male; 
enlarged; uterine hy- 
pertrophy; corpora lutea 
present; hemorrhages 

Results positive; corpora 
lutea; no marked 
change in male organs 

Positive; corpora lutea 
present; no apparent 
change in males 

Positive; pituitary hyper- 
trophy; large follicles 
in ovary; no change in 
males 

Ovaries showed 
maturation 

Positive reaction; corpora 
lutea; spermatogenesis 
in males 

Ovaries fully mature 


alter- definite 
nate days 


ce. 


weeks ce. 


week 
alter- 


nate days 
ce. 


weeks ee. 


lutea; 
in 


Positive; corpora 
spermatogenesis 
males* 


week 


Litters used, 14; experimental animals, 63. 

* Corpora lutea were present in none of the control animals. At this stage (42 
days), however, a small percentage (16 per cent) of the tubules of the controls con- 
tained spermatozoa. 
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NUM- 
utter | PEROF! ace 
wom- | ANT | wHen | 
BER — | KILLED 
JECTED 
1 4 18 in 
| 
3 5 | 20 |3 i 2 60 
4 4 20 60 
5 4 25 15 
6 6 28 30 
7 5 23 | 2 30 
8 4 32 | 1 week—2 | } cc. 7.5 
2 weeks—2 
9 4 33 | 1 week 4 ce. 120 
10 4 33 | 5 days 2 cc. 60 
11 6 34 | 2 
13 7 37 | 2 30 
14 2 42 | 1 30 
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mature maturation of the sex glands, marked uterine hypertrophy, and 
enlargement of the pituitary gland. Table 1 presents the essential data 
in tabular form. 

The earliest response was seen at 20 days of age (litter 2). In this case 
pituitary hypertrophy was the only change that was observed on section 
of the tissues (figs. 11 and 12). No alteration in the gonads could be 
positively determined. Litters 3 and 4 are tabulated as negative; in these, 
sections of the hypophysis were not made, and no statement can therefore 
be made regarding them. No changes in the gonads were evident. 

At 28 days of age (litter 6), a markedly positive response was evoked. 
Not only did the ovaries exhibit corpora lutea, but a considerable hyper- 
trophy of the uterus had taken place (ef. figs. 3, 4, 5, and 6). From this 
age-period onward, maturation responses were elicited in all of the injected 
female animals. No striking response was observed in the males, however, 
until they had attained an age of 35 days. At this time the histological 
differences between the control and experimental tissues were clearly 
apparent (figs. 15 and 16). Changes in the testes are subsequently de- 
scribed in detail under separate heading. At 42 days of age some of the 
control males showed spermatozoa in the sectioned tubules, and experimen- 
tation on older animals was thus invalidated from the comparative stand- 
point. 

Ovary and uterus. Sections of the ovary, photographs of the uteri, and 
cross-sectional microphotographs are shown in figures 1 to 10. Evidences 
of early maturation following the injection of cortico-adrenal extract were 
most striking in the female. The presence of corpora lutea in the ovary, 
and uterine hypertrophy, were considered particularly as indicative of 
sexual maturity. 

The first positive results appeared in 28-day-old rats. In these the 
uterus was sometimes hypertrophied, and the ovaries showed many en- 
larged follicles. Occasionally corpora lutea were present. It seems possi- 
ble that positive findings might appear somewhat earlier than this stage if 


Fig. 1. Section through the ovary of a 28-day-old control animal. 

Fig. 2. Section through the ovary of its litter-mate which received 1 cc. of extract 
daily for 2 weeks (same magnification). 

Fig. 3. Uterus of 28-day-old rat which received 1 cc. of extract daily for 2 weeks 
(about X 2). 

Fig. 4. Uterus of its litter-mate control (about X 2). 

Fig. 5. Uterus of 28-day-old rat which received 1 ec. of extract daily for 2 weeks 
(about X 2). 

Fig. 6. Uterus of its litter-mate control (about x 2). 

Fig. 7. Cross-section of uterus shown in figure 3. 

Fig. Cross-section of uterus shown in figure 4. 


Fig. 9. Cross-section of uterus shown in figure 5. 


Fig. 10. Cross-section of uterus shown in figure 6. 
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more potent extracts were available, or if the injections were begun at an 
earlier age period. Our cases were negative for the sexual organs at the 
18, 20 and 25-day ages, however, even when large doses of extract were 
administered over periods up to two weeks. Increase in pituitary size 
did appear, nevertheless, at 20 days. 

From the 28-day-old period onward there were rapidly increasing signs 
of precocious sexual activity in the female. The data derived from 14 
litters, comprising 63 injected animals plus their litter-mate controls, may 
be observed at a glance in table 1. 

There was no excessive luteinization noted in the ovary such as that 
observed by Claus (1931), and by Fevold, Hisaw and Leonard (1931). 
The normal maturation process, and the normal formation of lutein material 
following the rupture of the follicle, apparently took place in all cases in 
which cortico-adrenal extract was administered. 

In three rats which were injected with 1 cc. of extract daily for 2 weeks, 
and were 28 days old when sacrificed, the uterine hypertrophy was most 
pronounced. Careful measurements were made in two of these cases with 
the following results (see also figs. 3, 4, 5 and 6): 


- 


Controls: C-1 Uterine length 7 mm., diameter 0.660 mm. 
C-2 Uterine length 10 mm., diameter 0.527 mm. 

Experimentals: E-1 Uterine length 19 mm., diameter 2.178 mm. 
E-2 


4 


Uterine length 19 mm., diameter 1.656 mm. 


The sloughing of cornified cells from the endometrium was indicative 
that ovulation had occurred. The endometrial tissues showed marked 
thickening, and there was every evidence of maturation. None of these 
characteristic changes were seen in the uteri of the controls; the cell layers 
of the latter were by contrast much smaller and quite immature. 

The testis. Photographs are shown of sections through the central 
portion of the testis (figs. 15 and 16). There was usually no apparent 
increase in the size of the organ in the injected animals. In two cases 
there was, however, marked enlargement; this small percentage of the total 
cases scarcely warrants the conclusion, however, that general hypertrophy 
of the testis follows cortico-adrenal extract injection. 


Fig. 11. Longitudinal section through the hypophysis of a 20-day-old rat which 
received 1 cc. of extract per 10 grams of rat daily for 5 days. 

Fig. 12. Longitudinal section through the hypophysis of its litter-mate control 
(same magnification). 

Fig. 13. Reconstruction of gland shown in figure 11. 

A. Pars anterior. P. Pars posterior. I. Pars intermedia. T. Pars tuberalis. 

Fig. 14. Reconstruction of gland shown in figure 12. 

Fig. 15. Section through the testis of a 35-day-old control animal. 

Fig. 16. Section through the testis of its litter-mate which received 1 cc. of extract 
daily for 2 weeks (same magnification). 
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In histological section, the tubules appear larger in diameter, and the 
tissue presents a closely-packed or compressed appearance. This may 
probably be attributed to increased tubular diameter and length. This 
appearance, it may be remarked, is typical of the testes of rats injected 
with macerated pituitary gland (Corey, 1930). 

Spermatogenesis is present from 35 days of age onward. In the testes 
of 42-day-old rats there may be found indications of spermatogenesis in 
some of the tubules of control animals. By count, determinations were 
made in these rats of the percentage of tubules exhibiting spermatogenesis 
in the experimental and control (litter-mate) animals, with the following 
result : 


42-day control animals, spermatogenesis in 16 per cent of the tubules 
42-day experiments, spermatogenesis in 30 per cent of the tubules 


Spermatogenesis was first seen in excess of that noted in controls at 35 
days of age, following the daily injection of 1 ec. of the extract throughout 
two weeks. It is thus apparent that the testis does not respond to the 
extract to the same extent as does the ovary. The diameter of the tubules 
of the epididymis was somewhat increased, it may be noted, in the injected 
cases. 

Pituitary gland. The photographs of models and sections through the 
median portion of the pituitary (figs. 11, 12, 13 and 14) well illustrate the 
effects which were produced. There was hypertrophy throughout the 
gland in the injected animals. Reconstructions were made to render the 
observations on this point more apparent. The anterior lobe was most 
affected; an increase in the eosinophilic cells, particularly, caused the 
marked increase in size. 

The gland was found to be abnormal in shape, possibly due to pressure 
differences—a condition which was brought out very clearly in the recon- 
structions. The anterior lobe presented a wedge-shaped appearance. 
The pars intermedia had become flattened antero-posteriorly, so that it 
took the form of a ribbon-like web of cells rather than the normal tissue 
mass. The pars tuberalis was apparently unaffected; it retained its normal 
position and volume. Apart from the hypertrophy, the tissues of the 
experimental gland appeared normal, and the variations may be considered 
proportional rather than structural. 

The effect on the pituitary first appeared in 20-day-old animals, which 
had been injected from the 15th day onward. The dosage given was 1 cc. 
daily per 10 grams of body weight of rat. 

Thyroid gland. No significant changes were apparent in the thyroid of 
the injected animals, regardless of the dosage or the length of the experi- 
mental period. In both experimental and control series the glands showed 
numerous small follicles, which were normally distended with colloid. 
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those of the controls. 

Adrenal glands. In these glands, also, no marked changes were evident 
in the extract-treated rats. Some hypertrophy of the cortex appeared to 
be present, but evidence of this was so slight that no reconstructions were 
made. Certainly no degeneration of the gland took place. We were 
unable to observe any hypertrophy effects such as those reported by 
Papanicolaou (1931) to follow the injection of the urine of pregnant women 
and of cattle, in guinea pigs. 

Weights of animals. Although the changes were small, the weights of 
the injected animals were noticeably increased following the injection of 
extract of the adrenal cortex. The increases are significant when con- 
sidered in relation to the small size of the animals used, the brief periods 
of injection, and the constancy of their occurrence. Observations of 
weight changes were made in litters as follows: 


Litter 2, injected 5 days, 1 cc. per 10 grams of rat; killed at 20 days of 
55, 45, 45, 45 grams; average 47 grams. Experimentals, 50, 55, 60, 


average, 52 grams 


Litter 7, injected 14 days, 1 ec. extract daily; killed at 28 days of age. Controls 
30, 25, 25, 25, 25 grams; average 26 grams. Experimentals, 35, 30, 30, 35, 30 grams; 


average 32 grams. 


Litter 11, injected 14 days, 1 ec. extract every second day; killed at 34 days of age 


Controls, 45, 50, 45, 45 grams; average 46 grams. Experimentals, 55, 50, 56, 50, 50, 55 


grams; average 51 grams. 


Litter 13, injected 14 days, 1 cc. extract every second day; killed at 37 days of age 
Controls, 45, 50, 45, 45 grams; average 46 grams. Experimentals, 50, 50, 5 
grams; average 51 grams. 


It is apparent therefore that in every litter examined the injected animals 
averaged heavier than the controls. The average weight of the 17 control 
animals of this series was 43 grams, and of the 22 experimental animals 
49 grams—a notable increment of 14 per cent in favor of the extract- 
injected cases over their litter fellows. 

Discussion. The report of Hoskins and Hoskins (1916) that in 26 
animals they obtained testicular hypertrophy following the feeding of 
desiccated adrenal gland may be recalled. They state that the ovaries 
were “larger in a few cases.’’ Our observations with cortico-adrenal 
extract are not in accord with those of the above workers, since the ovaries 
invariably showed more striking changes than did the testes. McKinley 
and Fisher (1926) likewise reported testicular enlargement following the 
feeding of cortical material. Singularly, perhaps, a great deal of clinical 
evidence points to augmentation of the male elements in cases of hyper- 


The parathyroids of the injected animals likewise appeared to be similar to 
ige Controls 
dO, 45 grams 
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trophy (tumors) of the adrenal cortex. If the tumor growth occurs in 
the female, indeed, there frequently is observed a tendency towards rever- 
sion of type. 

It seems likely that the extracts we have used contain more than one 
hormone—probably at least two hormones. One of these may be con- 
cerned with the maintenance of adrenalectomized animals in the normal 
condition. Normal control of the sex organs may be maintained in part 
by a second hormone. Rather than assume a further division of duties 
between the two hormones for the regulation of male and female activities 
(and thus postulate that three hormones are contained in the adrenal cor- 
tex), it would appear reasonable to consider that the effects of the cortical 
sex-stimulating factor represent degrees and not qualities of stimulation. 
Perhaps an “adrenal sex-hormone”’ first causes increased activity of the 
gonads leading to femaleness in the organism, and then continued or cumu- 
lative excitation results in a dominating appearance of masculine 
characteristics. 

Maleness in the organism having once come into predominance might 
not be so readily further excited. The consideration that sex is “a matter 
of quantity,” and also the occurrence of “free-martins” in animals, would 
appear to support this hypothesis. That there are many apparent difficul- 
ties about this conception is appreciated, but they do not warrant discus- 
sion at this early time. It may be the case, nevertheless, that retention of 
a specific female-activating hormone is particularly favored in the long- 
drawn-out method of extraction of the adrenal cortex which we employed. 

The similarity of our results to those obtained by the transplantation 
of hypophyseal tissue from the anterior lobe may be mentioned. A 
comparison of our plates with those of Smith (1927), and Smith and Engle 
(1927), is very striking. Effects produced by the injection of fresh macer- 
ated pituitary gland into young rats (Corey, 1930) are also similar to those 
obtained in the present investigation. 

Claus (1931), and also Fevold, Hisaw and Leonard (1931), have recently 
reported the presence of a luteinizing hormone in the anterior pituitary 
lobe. These workers state that this hormone cannot act upon the imma- 
ture ovary, but that the latter must first be stimulated (activated?) by a 
second and distinct gonad-stimulating hormone. 

Our results appear to indicate that the pituitary gland is initially stimu- 
lated to increased activity by the injection of cortico-adrenal extract. 
Possibly an enhanced pituitary secretion then acts on the gonads. This 
viewpoint may perhaps arise particularly because of the recent well-ap- 
proved observations on pituitary activity. It is nevertheless wholly 
possible that hypophyseal enlargement following cortical extract injection 
is only incidental, and not specifically related to the gonadal changes 
reported herein. 
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SUMMARY 


Precocious maturation of the sex glands of young albino rats has been 
produced by the injection of cortico-adrenal extract (Swingle-Pfiffner 
prepared in this laboratory. Marked effects were observed in the ovaries 
of 28-day-old animals. The appearances of early maturity in the testes 
were not so striking, and occurred later. 

Hypertrophy of the pituitary gland, especially of the anterior lobe, ap- 
peared in 20-day-old rats. The possibility that the effects on the gonads 
are secondary to enhanced pituitary secretion is entertained. 

No significant changes were found in the thyroid or the adrenal glands, 
either in size or structural relationships. 

An increase in weight in excess of that of control rats was observed in 
animals injected with the extract. 

The probability that at least two hormones may be derived from the 
cortico-adrenal tissues is further discussed. 


BIBLIOGRAPHY 
Britton, 8. W. and H. Sitverre. 193la. Science, Ixxiii, 322, 373. 
1931b. This Journal. 
BuLiock, W. AND J. SEQUIERA. 1905. Trans. Path. Soc. London, Ivi, 189. 
Criavs, P. E. 1931. Physiol. Zool., iv, 36. 
Corey, E. L. 1930. Physiol. Zool., iii, 379. 
Corey, E. L. ano 8. W. Brirron. 1931. Science, xxiv, 101. 
Fevo.p, H. L., F. L. Hisaw anno 8. L. Leonarp. 1931. This Journal, xevii, 291 
Guynn, F. 1912. Quart. Journ. Med., v, 157. 
1921. Journ. Obstet. and Gyn., xxviii, 23. 
GuTuHRIE, L. anD W. d’E. Emery. 1907. Trans. Clin. Soc. London, x1, 175. 
HarTMAN, F. A. and F. A. BRowNELL. 1930. Proc. Soc. Exp. Biol. and Med., xxvii, 
938. 
HartTMAN, F. A. anp G. W. Toorn. 1930. Ibid., 94. 
Hartman, F. A., K. A. BROWNELL AND W. E. Hartman. 1930. This Journal, xev, 
670. 
Hoskins, R. A. anp A. D. Hoskins. 1916. Arch. Int. Med., xvii, 584. 
JAFFE, H. L. anp D. Marine. 1923. Journ. Exp. Med., xxxviii, 93, 107. 
McKIn-ey, E. B. N. F. Fisuer. 1926. This Journal, Ixxvi, 268. 
Mitier, C. 1931. Endokrinol., viii, 5. 
NaGLeE, W. 1836. Miiller’s Arch., p. 365. 
PapanicoLtaou, G. N. 1931. Anat. Rec., xlviii, 59. 
1931. Proc. Soc. Exp. Biol. and Med., xxviii, 807. 
ScuiFFer, A. L. anp L. B. Nice. 1930. This Journal, xev, 292. 
SmitH, P. E. 1927. This Journal, Ixxx, 114. 
Smiru, P. E. anp E. T. Encie. 1927. Amer. Journ. Anat., xl, 159. 
W. W. anno J. J. PrirFNer. 193la. This Journal, xevi, 153, 164, 180. 
1931b. Proc. Soc. Exp. Biol. and Med., xxviii, 510. 
ZweEMER, R. L., F. J. AGate, JR. anp H. A. ScHROEDER. 193la. Proc. Soc. Exp. 
Biol. and Med., xxviii, 721. 
ZweEMER, R. L. anp R. C. Sututvan. 1931b. Ibid., 723. 


42 


THE ORAL ADMINISTRATION OF CORTICO-ADRENAL 
EXTRACT! 
S. W. BRITTON, J. C. FLIPPIN, ann H. SILVETTE? 
WITH THE TECHNICAL ASSISTANCE OF R. KLINE 


From the Physiological Laboratory and the Department of Medicine of the University 
of Virginia Medical School 


Received for publication June 23, 1931 


The effectiveness of cortico-adrenal extract when given by subcutaneous, 
intraperitoneal or intravascular injection has been well demonstrated 
(Swingle and Pfiffner, 1931; Britton and Silvette, 193la, b). We have 
considered recently some effects produced by the extract when given by 
mouth. As opportunity allowed, a few animals were given extract by 
stomach tube during our earlier investigations, when certain batches of 
the material had proved of considerable potency by the intraperitoneal 
test. Although the very limited availability of glandular supplies, and 
hence of the finished extract, has somewhat restricted our observations on 
the oral treatment of adrenal insufficiency, the results have been char- 
acteristically positive.® 

The extract was given in the same concentration as used in other experi- 
ments in this series, i.e., 100 ec. were prepared from each 4 kilograms of 
fresh whole adrenal glands. At first, attempts were made to introduce the 


extract by stomach tube. It was appreciated that adrenalectomized ani- 
mals are very readily upset and often vomit spontaneously, and great 
care was therefore taken in using this form of treatment. As small an 


! Reported at a meeting of the joint session of the Federation of American Societies 
for Experimental Biology at Montreal, April 11, 1931. 

2 Porter Fellow of the American Physiological Society. 

3 Although it invariably yields potent extracts, the method of Swingle and Pfiffner 
is very costly in both time and material. About two weeks are taken in the prepara- 
tion of one batch of extract (100 cc.). The actual-expense of this amount is about 
$30.00. We have given up to 100 cc. to one cat in 24 hours; frequently we have used 
30-40 cc. on an animal in one day, in attempting to secure positive results. Swingle 
and Pfiffner (1931) have likewise found it necessary to use large amounts of material. 
To produce effects on man we have employed very large amounts of extract, as also 
have others (Rowntree, Greene, Swingle and Pfiffner, 1931). There is great need of 
a quicker and less costly method of extraction; one, too, which will produce a much 
greater percentage yield. 

Grateful acknowledgment is made of aid received in this investigation from the 
Grants-in-Aid Committee of the National Research Council, and the Research Com- 
mittee of the Virginia Academy of Science. 
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amount as 10 ce. was often vomited, however, and the method had to be 
abandoned as uneconomical. All attempts to give the material in milk 
or with salmon juice were unsuccessful; adrenalectomized animals with 
symptoms, indeed, do not fancy these dishes even sans medicament. The 
method of spoon-feeding was fairly satisfactory, but again wasteful because 
of frequent failure to swallow the extract, and loss from the sides of the 
mouth. Introduction of the extract by means of a syringe, with a short 
piece of heavy-walled rubber tubing attached, we have found to be most 
successful. 

Influence of extract administered by mouth on survival after adrenalectomy. 
That it is possible to keep adrenalectomized animals alive for abnormally 
long periods when cortico-adrenal extract is given by mouth is apparent 
from cases 388 and 444. Protocols on these and a few of the other animals 
studied are given later in brief. 

The general observations on cat 388 are noteworthy: the animal showed 


the usual muscular symptoms of adrenal insufficiency six days after opera- 


tion; it refused food, it had lost weight, and also suffered from an eve infee- 
tion which suggested the onset of ‘“‘snuffles,’’ a condition often fatal in eats 
Treatment orally with cortico-adrenal extract restored the animal to the 
normally active condition; it began to take food again, gained nearly 10 
per cent in weight (became heavier, indeed, than when observed at opera- 
tion), and in a few days the eye infection disappeared. The blood-chemis- 
try changes, which are considered separately later, consolidated the proof 
that extract of the adrenal cortex is efficacious when given by the oral route. 
The animal remained in apparently good condition while the extract was 
kept up; it lost weight and eventually died showing typical symptoms of 
insufficiency some days after extract administration was withdrawn. The 
period of survival after operation, although only 18 days, was considerably 
longer than that observed in untreated controls (Britton and Silvette, 
1931b). 

The large amounts of extract apparently necessary to be given by mouth 
to keep adrenalectomized cats alive appeared to us prohibitive. Rats are 
unsuitable in surviving experiments for many reasons (Britton, 1930). 
Recently we have used kittens, from one to two months old, in our opera- 
tions. These animals we found to be remarkably responsive to treatment. 

Kitten 444 furnishes an interesting story of recovery by extract after 
many setbacks. Twice it was restored from convulsions by cortico-adrenal 
extract. It was often stimulated to take food within an hour or so after 
symptoms had appeared, when extract had been given. After a weight 
loss of 50 grams (470 to 420 grams), it regained 60 grams under extract 
treatment. Large amounts of the extract were necessary, considering the 
small size of the animal, to keep it well. It was kept alive for 15 days after 
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convulsions first appeared. Symptoms redeveloped rapidly and death oc- 
curred 24 hours after the last dose of available extract had been given. 

Six other normal kittens, we have discovered since carrying out the above 
experiment, survived under our laboratory conditions during the the hot 
summer months for periods between 5 and 15 days. Untreated adrenal- 
ectomized kittens have lasted in a few cases tested between 3 and 6 
days only. 

Restoration after the onset of definite insufficiency symptoms. In seven 
animals in which definite symptoms of adrenal insufficiency had been 
allowed to develop, complete recovery to the normally active condition 
was observed on the administration of cortico-adrenal extract by mouth. 
Another animal, cat 409, showed recovery from weakness, but there were 
later indications that accessory cortical tissue was present in this case, and 
it is not considered positive. These eight cases represent all the animals 
which received treatment in these experiments; the administration of 
cortico-adrenal extract by mouth was effective in bringing about recovery 
in every one of the series studied. 

Symptoms were allowed to set in a number of times in some cases, and 
in these oral treatment was invariably efficacious. Cats 388 and 423 were 
each restored on two occasions, cat 428 three times, and cat 444 four times. 

Usually the animals did not show an interest in food for two to several 
hours after extract had been given; cat 444 greedily took raw liver on 
two occasions, however, within an hour after suffering from a severely 
prostrated convulsive condition. Perhaps no more positive sign of restora- 
tion of an adrenalectomized animal in the terminal stages of insufficiency 
could be desired than the stimulation to take food, such as we observed 
several times after extract-was given by mouth. 

Convulsions are invariably indicative of the terminal condition in adre- 
nalectomized animals. In by far the greater number of a series of over 
100 cases, we have observed that death ensues within one or two hours 
after convulsive seizures appear. Frequently two or three fits will result 
in death in half an hour. On several occasions after cortico-adrenal 
extract has been given by mouth, convulsions have been abolished, and in 
an hour or so, sometimes in less time, the animals have appeared normal. 
Cat 406 sat up and seemed well an hour after 10 cc. extract were given. 
Cat 413 was much improved by the extract within an hour after several 
convulsive fits had been observed; recovery from convulsions which reap- 
peared later was definitely apparent in two-and-a-half hours. Cat 444 
sank into convulsions twice, and was readily restored; once it ate raven- 
ously within an hour after the extract had been given. 

Changes in blood sugar, non-protein nitrogen and cell volume. In several 
animals showing symptoms of adrenal insufficiency marked changes in 
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the above important blood constituents, towards or to the normal levels, 
were observed after cortico-adrenal extract had been given by mouth 

Animal 386, whose blood sugar had fallen after adrenalectomy to 51 
mgm. per 100 cc., showed augmentation of the sugar level, 18 hours after 
the oral administration of extract, to 80 mgm. per cent. The blood non- 
protein nitrogen level was decreased from the high figure of 142 mgm. per 
100 cc. on March 19 to 44 mgm. the next day. With these blood changes 
there was noted a remarkable improvement in the animal’s condition. 
Discontinuance of the extract quickly resulted in diminution of the sugar 
and augmentation of the non-protein nitrogen levels, and death occurred 
two days later. 

Frequent observations were made on cat 388; it obviously took large 
amounts of extract to keep the blood constituents of this animal within 
the normal levels. Even the smaller amounts of extract used tended to 
induce changes, however, towards the normal. In the afternoon of April 2, 
when 95 cc. of cortico-adrenal extract were given by mouth in an attempt 
to shift the percentage of the blood constituents, the following changes were 
observed: The blood sugar increased from 56 to 92 mgm. per 100 cc., the 
non-protein nitrogen fell from 50 to 24 mgm. per 100 cc., and the cell- 
volume diminished from 40 to 28 per cent. 

The changes after adrenal removal in cat 413 were as follows: The 
blood sugar fell from 70 to 49 mgm., the non-protein nitrogen rose from 32 
to 95 mgm., and the cell-volume from 34 to 46 per cent. Such changes 
have been shown to go hand-in-hand with the later stages of adrenal insuffi- 
ciency. Extract administration by mouth was found to increase the blood 
sugar from 49 to 78 mgm.; it reduced the non-protein nitrogen from 95 to 
48 mgm., and it reduced the cell-volume from 46 to 32 per cent. 

The considerations noted above are illustrated in the following protocols: 


Cat 386, female; weight 1.82k. Fasting blood non-protein nitrogen, 24 mgm. per 
100 ce. March 17, 1931, bilateral adrenalectomy. 

March 18, blood sugar 58 mgm., non-protein nitrogen 71 mgm. 

March 19, 11 a.m., blood sugar 51 mgm., non-protein nitrogen 142 mgm.; cat 
showing slight weakness. At 4 p.m., animal just able to walk; will not eat; 25 cc. 
cortico-adrenal extract no. 42 given by stomach tube at 4:10 p.m. Cat appeared 
stronger, walking about well, at 5 p.m. 

March 20, 10 a.m., condition good; blood sugar 80 mgm. At 10:30, gave 25 cc. 
extract 42 by stomach tube, but cat vomited considerable amount immediately after; 
20 ce. extract given by spoon-feeding; no vomiting followed. At 4:20 p.m., blood 
sugar 87 mgm., non-protein nitrogen 44 mgm. 

March 21, 10:00 a.m., walks about normally; blood sugar 56 mgm., non-protein 
nitrogen 105 mgm. Extract discontinued. 

March 22, 9 a.m., condition good. 7 p.m., appeared well. 

March 23, 8:45 a.m., found dead in cage; weight 1.56 k. Autopsy showed slight 
pancreatic congestion, and three ulcerated areas, two of which had healed, in gastric 
mucosa. No accessory cortical tissue was present. 
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Cat 388, male; weight 1.81 k. Adrenalectomized on March 23, 1931. 

Weakness in hind limbs, food refused, on March 29; eyes infected; weight 1.80 k. 
Blood sugar 52 mgm. non-protein nitrogen 45 mgm., cell volume 49 per cent; 20 cc. 
cortico-adrenal extract 47 spoon-fed at 3:45 p.m. Cat much improved, appeared 
normally active, at 7:45 p.m. At 8 p.m., blood sugar 66 mgm., non-protein nitrogen 
53 mgm., cell volume 45 per cent. Cat ate meal of salmon just after blood samples 
taken 

March 30, 9 a.m., in vigorous condition. 10 a.m., blood sugar 66 mgm., non-pro- 
tein nitrogen 48 mgm., cell volume 41 per cent. 

March 31, 9 a.m., cat active, well; weight 1.82 k. 3 p.m., blood sugar 60 mgm., 
non-protein nitrogen 30 mgm., cell volume 42 per cent. At 3:30, 22 ec. extract 
by mouth. 

Apri 1, 9 a.m., animal very active; eve condition cleared. 

April 2, appears in fair condition. At 11:45 a.m., blood sugar 56 mgm., cell volume 
40 per cent. Gave large quantity of extract by mouth (spoon-fed) in attempt to 
change the percentage of blood constituents: 30 ec. no. 44 at 2:30 p.m., 25 ce. at 
3:30, 25 ce. at 4:30. At 5:30, blood sugar 57 mgm., non-protein nitrogen 50 mgm., 
cell volume 29 per cent. At 6:00 p.m., 15 ec. extract, orally. At 6:45, blood sugar 
92 mgm., non-protein nitrogen 24 mgm., cell volume 28 per cent. 

April 3, cat well. 11 a.m., blood sugar 73 mgm., non-protein nitrogen 34 mgm., 
cell volume 25 per cent. 

April 4, condition excellent, eating well; weight 1.96 k. No further extract given. 

April 5-7, cat appeared normal. April 8, weight 1.8 k. 11 a.m., blood sugar 57 
mgm., non-protein nitrogen 53 mgm., cell volume 36 per cent. 

April 10, 9 a.m., cat appeared normal. At 7:30 p.m., found in extremis; died with 
typical insufficiency symptoms at 7:40 p.m. Autopsy findings negative. Weight 
at death 1.79 k. 


Cat 413, female, weight, 1.7 k. April 20, 1931, fasting blood sugar 70 mgm., non- 
protein nitrogen 32 mgm. per 100 cc., blood cell volume 34 per cent. Both adrenals 
removed at 11 a.m. 

Next morning, herniation from abdominal wound was observed; a repair operation 
was performed under ether. ' 

April 22, 9a.m., cat appeared well. At 2:20 p.m., found prostated, occasional con- 
vulsions. Blood sugar 49 mgm., non-protein nitrogen 95 mgm., cell volume 46 
percent. Gave 30 ec. extract 52 at 2:30 p.m. Several convulsive fits followed, also 
attempts to vomit. At 3:30 p.m., animal appeared much improved, alert. At 6:30 
p.m., convulsions recurred; attempted to give extract by mouth, but several cubic 
centimeters were regurgitated. Notable improvement in condition at 9 p.m.; 30 cc. 
extract 53 by mouth. At 9:45 p.m., blood non-protein nitrogen 48 mgm., cell vol- 
ume 42 per cent. 

April 23, 9 a.m., cat well, walking about cage; blood sugar 78 mgm., non-protein 
nitrogen 40 mgm., cell volume 37 per cent. Ate salmon after blood samples taken. 
Twenty cubic centimeters extract 51 given at 9 p.m. Cat very active, took milk, 
at 10:30 p.m. 

April 24, 8:30 a.m., found dead. Post mortem showed extensive abdominal 
infection. 


Cat 444, male, 0.47 kilo. Fasting blood sugar 85 mgm. per 100 cc. Adrenalectom- 
ized on May 15, 1931. 

May 18, 8:30 a.m., found prostrated. At 9:05, blood sugar 46 mgm. per 100 cc. 
Weight, 0.45 k.; gave 10 cc. extract 64 by mouth. 10:20 convulsions. Gave further 
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10 ce. extract 63 at 10:25. At 11:00 cat much improved, started to \ 

appeared as if it would eat salmon, but was not allowed to do so. At 12:30 
sugar 48 mgm. At 2:45 p.m., blood sugar, 101 mgm.; cat wanted to eat salmon pry 
sented. Very active at 5 p.m.; blood sugar 119 mgm. 7:30 p.m., blood 

mgm.; allowed animal to eat salmon. 

May 19, 9 a.m., cat active; blood sugar 86 mgm. Gave 10 cc. ex 
12:30 p.m. 

May 20, 8:30 a.m., condition unchanged; blood sugar, 105 mgm 
extract 63 at 10:15 a.m. At 4 p.m., blood sugar 90 mgm At 11 
extract 65. 

May 21, 8:30 a.m., condition good; gave 5 cc. extract 65. 9:30 p.m 
tract 65. 

May 22, condition good throughout day. Gave 6 ec. extract at 10:30 pon 

May 23, condition unchanged; gave 5 cc. extract at noon 

May 24, 9 a.m., slight weakness, food refused; weight 0.42 k. At 9:50 g¢ 
extract 66 by mouth. At 10:20, cat strikingly improved, very active; ate salmon 
drank milk. At 10p.m., 5cec. extract 66. 

May 25, 9:15 a.m., found in convulsions; blood sugar 43 mgm.; weight 0.43 k 
Gave 10 cc. extract 66at 9:25. At 10:10, cat ate 30 grams chopped liver. At 5p.m., 
blood sugar 147 mgm. Ate 25 grams liver. Weight after eating 0.48 k 

May 26, condition excellent. Gave 6 cc. extract 66 at ll a.m. Cat took 40 grams 
liverat 11:10. At4:25p.m., gave 5cc. extract 66. Weight 0.48 k 

May 27, in good condition; gave 10 cc. extract 66 during dav 

May 28, appeared well; weight 0.44 k. Gave 20 ce. extract by mouth during day 

May 29, condition unchanged; gave 12 ec. extract 67. 

May 30, very active; gave 10 cc. extract 67. 

May 31, 10 ce. extract 67; same condition 

June 1, 8:30 a.m., slight weakness; animal refused food. Gave 15 ce. extract 67 
during the morning. In the early afternoon, cat ate 20 grams of liver; very active 
at5p.m. Weakness shown in hind limbs at 11 p.m. No extract available 

June 2, 8:30 a.m., cat very weak; convulsions developed rapidly; noextract. At 9, 
death with typical symptoms of insufficiency. Weight at death, 0.42 k. Autopsy 
revealed no cortical accessory tissue. 


That the hormone of the adrenal cortex which is responsible for maintain- 
ing the lives of adrenalectomized animals is not destroyed wholly, if at all, 
by the gastro-intestinal mucous membranes, is clear from the foregoing 
experiments. Apparently there is agreement in this respect with the 
known slight action of adrenalin by mouth. Considerably larger amounts 
of cortico-adrenal extract were necessary when the material was given by 
mouth to produce effects comparable to those observed when the material 
was injected intraperitoneally. Roughly, it appeared that from three to 
five times the dosage was required. 

In view of the undoubted influence of the extract, and the widespread 
effects which it is already known to produce, it seems likely that its use in 
the medical field will soon find wide application. With improved methods 


of preparation and the achievement of a more potent product, it is possible 


that oral treatment may be of distinet service. In cases in which prolonged 
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treatment is demanded, at least, the oral route may be of preferential 
utility. 

The positive results reported herein suggest that inquiry be made into 
the possible effects of feeding adrenal gland in cases of adrenal insufficiency, 
as well as in normal animals. Hitherto unsuccessful attempts with this 
form of treatment are possibly explained by the lack of adequately fresh 
glandular material, or perhaps by the complicating presence of the me- 
dulla of the gland. 

We have tried the feeding of adrenal gland on a few operated animals 
without present success, perhaps because of the vomiting which fol- 
lowed.- This we have attributed to the adrenalin content of the tissues. 
Even when the medulla is well scraped out before extraction, it may be 
observed, considerable amounts of adrenalin are carried over with cortico- 
adrenal extract, through the long-drawn-out process, until the permutit or 
other methods of eliminating it are employed. In accord with many 
observations, it seems that adrenalin may thus permeate through into the 
cortical tissues shortly after death of the animal. Hope is nevertheless 
entertained that improved methods of feeding adrenal cortex may yet be 
found to influence normal and also abnormal bodily activities. 

Adrenalin and glucose administration. These substances have been 
shown to produce slight results when given intraperitoneally to adrenal- 
ectomized animals (Britton and Silvette, 1931b); the changes in the cases 
studied were nevertheless temporary, and at the most lasted only a day 
or so. The slight therapeutic effect of adrenalin by mouth on normal 
animals, and the ready absorption of glucose from the gastro-intestinal 
tract, suggested that these materials might be of some value. 

In control experiments adrenalin solution in concentration and amount 
similar to that in cortico-adrenal extract, and also glucose solution, were 
tested. The results were in all cases, however, quite negative. It was 
clear that both adrenalin and glucose by mouth had no ameliorative effect 
on even the earlier symptoms of adrenal insufficiency. In all cases, indeed, 
the animals died within a day after treatment was started. The large 
amounts of fluid represented were not of significant influence. The solu- 
tions of adrenalin used did not affect the blood sugar level; the change 
after glucose administration indicated, however, that this material had 
been absorbed. 


SUMMARY 


The effectiveness of cortico-adrenal extract by mouth is demonstrated. 
It prolongs considerably and possibly indefinitely the lives of adrenal- 
ectomized cats, and brings about complete recovery from even the severest 
symptoms of adrenal insufficiency, when given by the oral route. The 
low blood-sugar values found in adrenalectomized animals are markedly 
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increased, and the high non-protein nitrogen values and blood cell volumes 


are reduced towards or to the normal levels, during the recovery period 
Animals that have refused food may be induced to eat within an hour 
after extract administration. These observations are in keeping with 


those produced by intraperitoneal injection of the material. 


Large amounts of the extract were necessary by mouth, approximately 
three to five times the intraperitoneal dosage, in order to produce compar- 


able results. 


Adrenalin given by mouth in similar concentration to that found in 


cortico-adrenal extract, and also glucose solutions, have no noteworthy 


effect on adrenal insufficiency. 
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In A Treatise of the Science of Muscular Action (1794) John Puch, a 
London anatomist, quotes unnamed earlier authorities as follows: ‘‘Exer- 
cise helps to throw down wind from the bowels and attenuates the contents 
of the stomach.”’ ‘Exercise also serves at once as an evacuant, and a 
diversion by which artifices the humours are put into condition of flying off 
without the danger of bringing on spasms.’ Though not always as graph- 
ically, each modern day system of the praetice of medicine lists as one of 
the etiological factors in constipation ‘‘the sedentary life’ or “lack of exer- 
cise.”” Some writers see in a strengthened abdominal musculature the 
facilitation of defecation while others attribute the beneficial effects of 
exercise to the massaging action of the exercise movements. 

The chronic effect of a very active physical life program on the gastro- 
intestinal activity level though no doubt the problem of greatest interest, 
has to our knowledge not received careful consideration by any investigator. 
Concerning the immediate effects of a bout of exercise on gastric motility 
numerous workers have reported contradictory results. As far as we know, 
however, the colon has not received such attention. 

In 1926 we began in this laboratory, a series of studies which we hoped 
would throw light on the immediate effects of a short period of strenuous 
exercise on the motility of various parts of the digestive tube. We explored 
first the jejunum and then the stomach and colon. Because the colon 
response was the most constant and characteristic we decided to pursue it 
to the limit before tackling the more fickle stomach and small intestine. 
We found the balloon method entirely unsuited for jejunal studies. In 
this paper we present in detail our findings on the effect of exercise on the 
motility picture of the colon together with certain conclusions concerning 
the responsible nervous mechanisms. A portion of our findings has al- 
ready been reported in preliminary fashion (Steinhaus and De Young, 1931). 


1 For the period beginning September 1, 1929 a portion of the cost of this study was 
borne by a grant from The Carnegie Corporation of New York. 
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DATE AND NATURE OF OPERA 


TION 


5-15-28 Cecostomy 
2- 8-29 Denervation 
(First method) 


3-6-28 Cecostomy 


7-12-28 Denervation 
(First method) 


10-28-28 Cecostomy 
Denervation 
(Second method) 


11-22-28 Cecostomy 
Denervation 
(Second method) 


6-25-29 Cecostomy 
12-27-29 Denervation 
(Third method 


9-14-30 Cecostomy and 
Thiry colonic pouch 

9-29-30 Pouch dener- 
vated 


10-29-30 Cecostomy 
and Thiry colonic 
pouch 

4-20-31 Section colon 
‘“‘Low cut’’ to make 
“‘double cut’’ dog 


4-21-31 Cecostomy 

Section colon “high 
cut”’ 

5-2-31 Section colon 
“Low cut’’ to make 
“double dog 


5-18-31 Cecostomy 
Section colon ‘‘low 
ecut”’ 
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INGS 
I 
13 3S 1s 
27 45 s0 64 
19 45 69 66 
28 5 24 54 0 62 67 
6 21 71 0 76 85 
29 7 31 29 0 74 64 
3 15 0 48 
30 2 12 50 33 
2 9 0 33 
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Fig. 1. A number of typical records of colon motility in three normal dogs showing 
the characteristic ‘‘exercise rise’’ and the ‘‘after effect.’’ The record of dog 18 shows 
in one instance the failure of appearance of the rise after repeated exercise periods. 

| 


Fig. 2. Records of the effect of running on motility of the colon after it had been 
transected at various levels. Diagrams at the left indicate the nature of the surgical 
preparation in each instance and the location of the balloon. The levels of transec- 
tion are indicated by the transverse lines. The sharp rise regularly shown at the 
beginning of a running period in the tracings of dog 28 is due to contraction of 
abdominal musculature associated with barking (a habit of this dog at the beginning 
of each exercise period). 
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EFFECT OF EXERCISE ON COLONIC MOTILITY 


EXPERIMENTAL METHODS. Dogs, completely recovered from operations 
to produce suitable fistulae and other surgical interventions, were studied 
by the balloon method as modified for use in intestinal work by Ivy and 
Vloedman (1923). A special water manometer designed by Mr. Walter 
T. Anderson, a student in this laboratory and described by Steinhaus et al., 
(1928) was used to record the motility on a long paper kymograph. The 
manometer is built on the principle of the hydraulic press so that the 
recorded rises of the marker are approximately one-sixth as high as the 
actual pressure changes. 

For colonic studies a cecostomy was produced. In a specific experi- 
ment the dog stood on the treadmill beside the kymograph while records 
of an hour or more of normal motility were secured. Then without any 
other change the motor driven treadmill was started and the dog caused 
to run uphill (about 22 per cent grade) at the rate of a mile in twelve min- 
utes for a period usually six minutes in length. The treadmill was then 
stopped and a suitable post-exercise record secured. (Each tracing repre- 
sents a 3-8 hour continuous record.) Thirty cubic centimeters of air were 
regularly introduced into the balloon-manometer system. The hours 
since eating, usually 20, and the hours since the last defecation, usually 


8-12, were recorded. 
Resutts. The results here submitted represent the findings from nine 
dogs, 171 tracings, and 451 distinct exercise periods. They are sum- 


marized in table 1. Typical graphic records are reproduced in figures 1, 
2 and 3. 

The purpose of this presentation will be best served if the data are con- 
sidered under two headings, namely, 1, the normal exercise response; 2, 
attempts to identify the responsible mechanisms. 

1. The normal exercise response. Our simplest and basic operation con- 
sisted of bringing the blind end of the cecum to the outside through a stab 
wound in the abdominal wall. After the animal was completely recovered 
the end of the cecum was opened under local anesthesia. This opening 
served subsequently for introduction of the balloon and connecting tube 
into the colon. The modifications of the motility pattern of the standing 
dog, recorded by this system, when the dog was caused to run on the tread- 
mill we have called the normal exercise response. Dogs 14, 15, and 18, 
yielded such data. The changes brought on by exercise are of two kinds, a, 
a sharp rise during running, and b, a period of reduced activity following 
the exercise, called by us the “after effect.’’ In figure 1 are reproduced 
typical tracings showing these effects. Since neither of these effects appear 
constant in form or regularity a bit of further description is necessary. 
The “exercise rise’ is marked by an abrupt rise in the writing arm of the 
manometer to three or four times, the height of its level during rest. The 
first sign of this heightened activity comes from one to five, commonly two 
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minutes, after the beginning of exercise and subsides again after two to four 
minutes whether or not exercise is discontinued in the meantime. Dog 14, 
a slight asthenic type, very fond of running, showed this rise in 42 per cent 
of his running periods, whereas dogs 15 and 18 both notably more muscular 
and vigorous than dog 14 showed the exercise effect in 80 and 78 per cent, 
respectively, of their running periods. From our experience with these 
and other dogs used in the latter portion of this study we were led to expect 
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Fig. 3. Three consecutive tracings from the colon and colonic pouch of dog 29. 
The characteristic exercise rise appears during the running periods of the third 
tracing, after he had learned to run easily and without fear. The points at which 
small amounts of chocolate candy were fed after runs, beginning in the second tra- 
cing, are indicated. The colonic pouch in no instance records a colonic rise. The 
tracing of December 29 also illustrates the failure of the exercise rise in the last two 
of a series of six exercise periods. 


this rise as a fairly regular concomitant of exercise whose frequency and 
intensity varies from dog to dog. Sometimes these rises are accompanied 
by defecations. There are days, especially when the colon is otherwise 
quite active, that this exercise rise cannot be elicited. Not infrequently 
when five or six running periods followed each other at thirty to forty-five 
minute intervals, the first three or four showed the rise and last two did 
not, suggesting that the mechanism became fatigued (see figs. 1 and 3). 
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On rare oceasions after a prolonged rest of one and one-half to two hours 
another rise could be elicited by exercise in these cases. 

The exercise period was followed in from 48 to 66 per cent of cases by a 
period of subnormal motility (see fig. 1) which after from two to sixty 
minutes again gave way to the normal resting motility picture. Though 


‘ 


as a rule the sharpest ‘exercise rises’’ were followed by the most marked 
“after effects,’ there were times when there was an “‘after effect’? without 
an “‘exercise rise,’ and vice versa. 

2. Attempts to identify the responsible mechanism. It now became our 
task to determine if possible the nature of the mechanism responsible for 
this rather constant and typical modification of colonic motility associated 
with running. Three types of mechanisms which might modify the action 
of the intra colonic mechanism suggested themselves: a, extrinsic nerves, 
i.e., the sympatheties or parasympatheties; b, direct mechanical 01 massag- 
ing effects of the running movements; c, humoral agents such as metabolites 
or hormones released during exercise. Our first aim was to produce a 
colon which would not show the exercise effects. To this end we attempted 
several methods of denervation. 

First method. In this method we cut Ist, the colonie branches of the 
pelvie nerves (nervi erigens) distal to the bladder supply; 2nd, the hypo- 
gastric from the inferior mesenteric ganglion; 3rd, any mesenteric nerves 
which came over the ileocecal junction to join the colon (possible vagal 
fibers). This method was employed on dogs 14 and 15 which had already 
served for records of the normal exercise effect (see table 1) and resulted 
in no perceptible change in the ‘exercise rise.’’ That dog 14 showed a 
reduction from 48 to 18 in the percentage of periods showing an “‘after 
effect”? may be of significance. 

Second method. Our second method was identical with the first except 
that more pains were taken to cut all possible nervous inflow via the mesen- 
teries. The entire mesentery was cut close to the colon leaving it attached 
only by its vessels each of which was carefully cleaned by dissection. This 
method was employed on dogs 16 and 17. Both animals showed the 
“exercise rise’ and “after effect’? though in only 15 to 22 per cent of cases. 
Unfortunately these dogs were not first studied as normals. Though in 
the light of our later findings we may assume that we were partially success- 
ful in interfering with the responsible mechanisms, the work with these 
dogs showed us the inadequacy of such methods of denervation. In 
several other dogs not recorded here we attempted further denervation 


by painting the vessel walls with 5 per cent phenol. The dogs did not 


survive the operation. 

Third method. In one dog, namely, dog 18 we cut both pelvie nerves 
(nervi erigentes) retroperitoneally as they came off the sacral cord and 
removed, also retroperitoneally, both lumbar sympathetie chains and their 
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ganglia. This dog showed no change in either the ‘exercise rise’ or the 
“after effect’’ following the operation. 

Colonic Thiry pouch. To rule out the possibility of extrinsic nerves 
entering the gut at an inaccessible level and reaching the colon via the gut 
wall itself we decided to produce a colonic pouch. This was made after 
the fashion of the Thiry fistula described for the study of the small intes- 
tines. Roughly the middle third of the colon was cut out and made into 
a pouch with its upper end opening through the abdominal wall. The 
large sympathetic innervation which reaches this middle third through its 
mesentery was left intact. The remaining portions of the colon were re- 
united by end to end anastomosis. The regular cecostomy was also pro- 
duced. This operation was successful on dogs 28 and 29. From them we 
secured simultaneous records of motility in the colon proper and the colonic 
pouch. The shortened colon behaved in every respect just as a normal 
colon whereas the pouch though it otherwise showed entirely normal 
motility never showed the “exercise rise’”’ (see table 1 and figs. 2 and 3). 
The “after effect’? however was present to the usual extent in both. In 
dog 28 this pouch was then carefully denervated of its sympathetic supply 
by our second method described above. This operation had no further 
effect upon the behavior of either the colon or pouch during or after 
exercise. 

Colon transections. Proceeding on the assumption that the failure of 
the colonic pouch to show the exercise effects was due to cutting extrinsic 
nerves which came to it within the gut wall from more distant points of 
entry, we undertook to determine whether these nerves came from points 
above or below the region in which we worked. By simply transecting 
and reuniting the colon at various levels, one at a time, it should be possible 
to determine the course of such nerves. We therefore proceeded to transect 
and reunite the colon within an inch or two of the ileocecal juncture 
(called “high cut’’ in table 1) or within two inches of the anus (called ‘“‘low 
cut”’ in table 1). 

Dog 29 in whom we had previously produced a colonic pouch from the 
proximal and transverse portions of the colon was already virtually a “high 
cut” animal. In him we now sectioned and reunited the colon within two 
inches of the anus. At no time when the balloon was between these two 
anastomosed points (position A in fig. 2) did exercise induce the char- 
acteristic rise. However, when the balloon or part of it was placed distal 
to the “low cut” (position B in fig. 2) the regular exercise rise was again 
recorded. Also when the balloon was drawn up very close to the opening 
of the cecostomy, i.e., proximal to the “high cut’’ was the exercise rise 
recorded. The positions of the balloon were established by digital exami- 
nation per anus before and after running and by marks on the rubber tube. 
It was easy to palpate by anus both the balloon and the scar marking the 


| 


EFFECT OF EXERCISE ON COLONIC MOTILITY 59 


lower cut. In dog 30 we first produced a “high cut’’ with no appreciable 
effect on the exercise response (fig. 2). However, when later a ‘“‘low cut” 
was produced on the same dog, the “exercise rise’’ could no longer be 
elicited while the “after effect’’ persisted. In dog 31 we produced a “‘low 
cut”? without destroying the exercise response (fig. 2). Dogs prepared 
with both “high” and “low” sections invariably evidenced difficulty in 
defecation. Upon being turned out they would assume extreme defecating 
positions which they would maintain for thirty to forty-five minutes until 
put back in their cages. By forceful contraction of abdominal muscles 
they expelled more or less of a dark, wet fecal mass. One dog sacrificed 
after being in this condition for four months showed a colon distended to 
three times its normal diameter with a black, foul smelling, soft mass. 
Another dog killed three weeks after the second cut showed a similar condi- 
tion though not so far advanced. These conditions explained to us the 
reason for the very high percentage of fatalities which we had experienced 
in making these sections, especially when we produced the “‘low cut”’ first 
Acting upon this suggestion we began in our last dog to withdraw daily 
under negative pressure the fecal matter which accumulated within a few 
days after the operation and were successful in saving him. 

Psychic factors. Not of least importance in throwing light on the 
mechanism responsible for the exercise pictures is our experience with dog 
29 in whom we had produced a colonic pouch as well as cecostomy. This 
dog long resisted all of our ordinary methods for teaching dogs to run on 
the treadmill. Finally he learned, but always ran with tail between his 
legs and other signs of fear. Under these conditions he failed to show any 
“exercise rise’ in the colon. Fortunately the dog enjoyed chocolate candy, 
so we began feeding him a bit right after each run. On the third day fol- 
lowing the initiation of this practice he ran with evident lack of fear and 
showed “‘exercise rises” as other dogs. In figure 3 are reproduced the three 
successive tracings which mark this transition in his behavior. This animal 
merely showed in accentuated form an observation we had made on most 
of our dogs, namely, that during the first two or three trials the colon 
seldom showed an exercise rise. All of the other dogs, however, grew 
accustomed to the regime on the second or third day of testing, without 
special encouragement. 

DISCUSSION OF RESULTS. From x-ray observations on patients Hertz 
(1907) described mass movements of the colon occurring several times 
daily. In 1913 Hertz and Newton found that these mass movements may 
be brought on by eating a small meal and ascribed the association to a 
gastro-colic reflex. They state, also, that these movements may be influ- 
enced by the mind. Simultaneously with such mass movements their 
patients reported an urge to defecate and in some cases defecation took 
place. Similar movements have been observed by Holzknecht (1909), 
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Barclay (1912), and Case (1915). We believe that the exercise rise ob- 
served by us and often accompanied by defecation is in nature very similar 
to these mass movements observed in man. That the general somatic 
stimulation accompanying running should increase the motility of the 
colon might be anticipated from the work of Lehmann (1913) who found 
that stimulation of the central end of the vagus and somatic sensory nerves 
(sciatic) in dogs exerts a motor influence on the large intestine. Concern- 
ing the mechanisms by which the described exercise changes are produced 
our data are not without positive suggestions. The direct mechanical 
massaging action of the exercise movements of the abdominal wall is ruled 
out as the causative stimulus by the fact that the colonic pouch in dogs 28 
and 29, though subject to equal stimulation from this source never showed 
the exercise rise while the intact colon immediately beside it showed the 
rise. Further, the absence of this rise in the colon of dog 29, figure 3, when 
he ran with fear of the treadmill and its presence after he became accus- 
tomed to running cannot be attributed to a difference in this form of 
stimulation. Exercise metabolites, hormones, or changes in body tem- 
perature as possible causes of the ‘exercise rise’? must be ruled out by the 
same reasoning. Their possible relation to the ‘after effect’’ is, however, 
not ruled out as will become clear a little later. 

The absence of the exercise rise in the colonic pouch, in the colon with 
“high” and “low cuts,’’ and in the frightened dog can, to our mind, be 
interpreted only as indicating that an extrinsic nervous mechanism is 
responsible for this rise. All authorities are agreed that the colon is sup- 
plied with sympathetic and with parasympathetic fibers. The former, the 
hypogastric, enter the middle third of the colon reaching it via the mesen- 
tery. To this system is usually ascribed an inhibiting function. Kuntz 
(1929) states that in some instances the inhibition elicited by stimulation of 
the splanchnic or hypogastric nerves is preceded by contraction. The fact 
that this nerve was left undisturbed in the pouches which failed to show the 
“exercise rise,’’ however, eliminates the sympatheties from responsibility for 
the rise. The pelvic nerve carries the lumbosacral outflow of parasympa- 
thetic fibers to the colon. Its many colonic branches enter the colon wall 
very close to the anus. There is general agreement among writers that 
these fibers augment colonic tone and motility. By transecting the colon 
two inches above the anus as we did in our “low cut” dog 31 we undoubt- 
edly interrupted all fibers passing forward in the colon from this point of 
entrance, That this dog showed the exercise rise (the rise in this dog was 
never as high as in normal dogs or dogs with a “high cut’’) suggests that 
there must be another source of parasympathetic stimulation. The com- 
plete loss of the exercise rise in portions of the colon between both high and 


low sections and its presence in the portions of the colon above the “high 
cut” and below the “‘low cut”’ as observed by us in dogs 29 and 30 forces us 


| 


EFFECT OF EXERCISE ON COLONIC MOTILITY 61 


to the conclusion that there is a second parasympathetic inflow, probably 
vagal, at the upper end of the colon. Boehm (1913) showed increased 
motility in the colon of cats and rabbits upon stimulating the vagus under 
the diaphragm. His observation that repeated stimulation of either the 
pelvic nerve or the vagus resulted ultimately in failure to elicit a motor 
response is remarkably like our observation that the exercise rise fails to 
appear after repeated trials. Numerous workers, among them Bayliss 
and Starling (1900), Elliott and Barclay Smith (1904), Klee (1912) and 
Gaskell (1916) are of the opinion that vagus fibers do not supply any por- 
tion of the large intestine. Alvarez (1929) writing on this point suggests 
that different results would probably have been secured with balloons 
recording in unanesthetized animals. Such conditions prevailed in our 
experiments. 

In the light of these interpretations we ascribe our failure to prepare 
colons free from the ‘‘exercise rise’’ by our first, second and third methods 
of denervation as due to missing either part of the pelvic nerve or the vagus 
branches or both. The low percentage of exercise rises observed in dogs 16 
and 17 may indicate a fairly close approximation to complete denervation 
by these methods. 

Whether during exercise there is an unusual outflow of impulses over 
the parasympatheties which initiates the exercise rise or whether the para- 


sympatheties merely supply to the colon continually a higher tonic level 


which makes it more sensitive to a local, chemical or mechanical stimulus 
supplied by exercise, may to some still remain an unsettled question. The 
fact that both the colonic pouches and the sections of colon between the 
“high” and “low cuts” showed approximately normal tone and activity 
when the balloon was inflated against their walls, appears to us to offer 
support to the first of these alternatives. 

Our data are not as convincing in pointing out a mechanism for the ‘‘after 
effect”’ of subnormal motility. Since it is found in portions of the colon 
such as our pouches which are clearly free from parasympatheties, the pos- 
sibility of fatigue of parasympathetic tone resulting from hyper-stimulation 
during exercise need not be considered. The presence of the “‘after effect”’ 
in all our preparations in which the sympathetics were cut would more con- 
vincingly rule out a direct inhibitory effect of this system if we could be 
sure of complete denervation. Plant and Miller (1926) have shown the 
practical difficulties involved in such procedures. Whereas in dog 14 the 
percentage of runs showing “after effects’ is reduced after attempts to 
denervate, it remains unchanged or actually increases following similar 
operations in dogs 15, 18, and 28. If we may assume that the majority 
of fibers were cut in our attempts to denervate, then this failure to get 
some consistent reduction in the extent of the “after effect’? would suggest 
that other mechanisms are probably responsible. From the work of Van 
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Liere and Crisler (1930) and Crisler and Van Liere (1931) which indicates 
that lowered oxygen tensions reduce stomach motility, the possibility of a 
local anoxemia due to vasomotor changes suggests itself in this connection. 
The intense contraction of the colon wall during exercise may itself help 
induce such an anoxemic condition. 


SUMMARY 


1. The effects of short periods of strenuous treadmill running on the 
motility of the colon of dogs, completely recovered from appropriate 
surgical intervention were recorded by the balloon method in a series of 
nine dogs. 

2. During an exercise period there is in a majority of cases a marked rise 
in colonic tone and motility. This rise is not coextensive with the running 
period. It begins usually from one to three minutes after the start of 
exercise and recedes after a few minutes without reference to the duration 
of exercise. 

3. From studies following a variety of denervation procedures it is con- 
cluded that the appearance of this rise depends on the intactness of at least 
one of two parasympathetic inflows, namely, either the pelvic nerve (nervus 
erigens) from below or fibers, probably vagal, entering the colon over the 
ileocecal juncture from above. 

4. The rise did not appear in a dog who ran with evident fear of the tread- 
mill until after he had been conditioned to run without this emotion. 

5. Following the exercise period there is usually a period of subnormal 
activity of varying length—sometimes as long as forty-five minutes. 

6. Our data are not adequate to determine the nature of the mechanism 
responsible for the “after effect.’”” The weight of evidence appears to 
favor a non-nervous mechanism. 


In its early exploratory stages Mr. Oscar Mertins threw himself whole- 
heartedly into the conduct of this study. What added insight would have 
been brought to bear on the solution of this problem had his relation to it 
not been cut short by his untimely death, August 7, 1928, will remain for 
always unknown. 
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Claude Bernard in 1858 demonstrated very clearly, by means of his 
experiments upon sugar puncture, the possibility of a nervous control of 
carbohydate mobilization. Since that time the piqire method has often 
been employed in an effort to locate some central point responsible for the 
hyperglycemia and glycosuria but with questionable success. Brugsch, 
Dresel, and Lewy (1920; 1921), using this method, concluded that 
there were two sugar-centers present in the floor of the fourth ventricle. If 
one of these was irritated there resulted a lowering of the blood sugar, pre- 
sumably because of an increased activity of the pancreas; if the other center 
was punctured the blood sugar rose. This and other efforts to localize a 
sugar-center in the brain by means of piqtre have been criticized by Hiller 
and Tannenbaum (1929), who point out that any injury to the brain and 
even the manipulations preliminary to puncturing may cause a transient 
hyperglycemia quite comparable to that induced by puncturing the region 
which is supposed to contain the sugar-center. 

The work of Griffith (1923) upon the peripheral factors involved in reflex 
hyperglycemia showed that the organs chiefly responsible for the reflex vari- 
ations were the liver and the adrenal glands. More recently Simnitzky, 
Wischnewsky, and Satwornitzkaja (1930) have likewise shown that the 
adrenal glands are largely responsible for the reflex hyperglycemia and also 
that the reduction of the blood sugar to a normal level is due to an activa- 
tion of the pancreas. Asa method which can be employed in a study of the 
factors involved in carbohydrate mobilization this reflex method is, as 
Griffith has pointed out, far superior to the rather unphysiological procedure 
of puncturing the floor of the fourth ventricle. Considering anew the possi- 
bility of the existence of a bulbar control of carbohydrate mobilization it 
was suggested by Bard (1929) that “another method of approach to this prob- 
lem would be to investigate the possibility of inducing reflex rises in blood 
sugar with various parts of the central nervous system excluded, ee 
The results reported inthis paper were obtained duringsuch an investigation. 


1A preliminary report of the work reported in this paper appeared in Proc. Soc. 
Exp. Biol. and Med., 1931, xxviii, 524. 


64 


[| 


CENTRAL NERVOUS MECHANISM OF REFLEX HYPERGLYCEMIA 65 


METHODS AND RESULTS. Well-nourished cats which had been in the 
laboratory for some time were used for this work. To make certain that 
the digestion of food was not occurring at the time of the experiment and 
to insure the most uniform sugar storage and blood sugar level possible 
the animals were not fed for twelve or eighteen hours before being used. 

For a comparison of the relative abilities of intact, thalamic, decerebrate, 
and spinal animals to give reflex hyperglycemias it is obvious that an 
anesthetic must be employed in every case. The anesthetic used in most 
of these experiments was sodium barbital. Chloralose has been employed 
quite generally in studies of reflex blood sugar rises and since it is known 
that it does not change the amount of sugar in the blood (Griffith, 1923), 
some experiments were performed under chloralose. It was found, 
however, that chloralose affects the respiratory mechanism in such a way 
that the animals seldom breathe well after they have been decerebrated. 
Sodium barbital, on the other hand, is an excellent anesthetic for any type 
of cerebral operation and although the reflex rises are never as great as 
those obtained when chloralose is used, it seems to have no direct effect 
upon the blood sugar level. The fact that cats under sodium barbital 
maintained a constant normal blood sugar level for five or six hours when 
undisturbed and when stimulated show a reflex hyperglycemia which is in 
every way comparable, except in magnitude, to that obtained in an animal 
under chloralose, is ample evidence that sodium barbital is equally reliable 
for blood sugar studies. Chloralose (0.1 gram per kgm. of body weight), 
when used, was dissolved in about 40 ec. of milk and given by mouth. In 
the first experiments in which sodium barbital was used the anesthetic was 
injected intraperitoneally (0.3 gram per kgm.), but it was soon found that by 
etherizing the animals, exposing the left femoral vein, and injecting the 
anesthetic intravenously (0.275—0.28 gram per kgm.) with 15 to 20 ee. of 
warm saline solution the animals could be more quickly and more easily 
anesthetized and a more uniform degree of anesthesia could be obtained. 

Samples of circulating blood (0.5 ce.) were collected by means of a small 
syringe from a cannula tied into the right femoral artery just distal to its 
saphenous branch. The method used for the blood sugar assay was that 
of Folin (1929). Each sample was treated in exactly the same way. Two 
or three blood samples were taken at half-hour intervals to ascertain the 
blood sugar level before stimulation. After the third sample had been 
taken the right brachial nerve was exposed very carefully but as quickly as 
possible and Sherrington shielded electrodes attached. Stimulation was 
with a tetanizing current from the secondary coil of a Harvard inductorium 
and the current was of the same intensity in all experiments. The stim- 
ulation was interrupted, being on 10 seconds, off 5, on 10, ete., for a period 
of three minutes. Blood samples were drawn one minute, 10 minutes, 30 
minutes, one hour, and two hours after the stimulation. Records of 
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arterial pressure and heart rate were taken throughout each experiment 
in order to ascertain whether or not the animal was in good condition. 
Temperature, as shown by a rectal thermometer, was maintained as nearly 
constant and normal as possible. 

In order to detect any abnormality or deficiency of the reflex blood sugar 
rise in animals from which portions of the central nervous system had been 
removed, it was necessary to learn the height and duration of the reflex rise 


TABLE 1 
Control experiments 
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in animals which had been anesthetized and stimulated in the same way, 
but in which the nervous system remained intact. 

Control experiments. ‘Twenty-six control experiments were performed; 
ten under chloralose anesthesia, six under sodium barbital injected intra- 
peritoneally, and ten under sodium barbital intravenously. The results 
of these experiments are recorded in tables 1 and 2. 

In these experiments as soon as anesthesia was sufficiently deep a tracheal 
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cannula was inserted and the carotid arteries ligated in the neck. The right 
and left femoral arteries were then carefully exposed, a pressure cannula was 
tied into the left, and a small glass cannula, by means of which blood sam- 
ples could be obtained, was inserted in the right femoral artery. Because 
the rise in blood sugar concentration caused by even such slight operative 
procedures as these is considerable, the first blood pressure records and 
blood samples were not taken until at least an hour had elapsed. 

Thalamic animals. Although Morita (1915) stated that the center 
controlling carbohydrate mobilization and reflex hyperglycemia was not 
in the hemispheres or the forebrain it seemed best to confirm this statement 
if possible. Consequently a series of thalamic animals was prepared. The 


TABLE 2 
Control experiments 


BLOOD SUGAR HEART RATE BLOOD PRESSURE 


EXPERIMENT Blood Rice in Rate a 
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i 
per per cent | stimula per per cent mm. of of Hg 
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ten animals used were anesthetized by intravenous injections of sodium 
barbital. After the tracheal cannula had been inserted and the carotids 
tied, the brain was exposed and the cerebral hemispheres removed by a 
method described by Bard (1928). A diagonal cut was then made from a 
point a few millimeters ahead of the anterior corpora quadrigemina to a 
point a millimeter or two anterior to the optic chiasma, thus removing the 
cerebral hemispheres, the corpora striata, and the cranial part of the 
thalamus. Little blood was lost in any case and the respiration, heart 
rate and arterial pressure indicated that all the animals were in excellent 
condition after the operation. The first blood samples were not taken until 
one hour after the operation but from then on the procedure was the same 
as in the control experiments. 


Chloralose given by mouth (0.1 gram per kgm. in 40 cc. of milk) 
21 
27 
18 
22 
25 
ll 
11 
14 
45 
18 
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The results of this series of experiments are summarized in table 3. 
The reflex blood sugar rise was of the same order of magnitude as in the 
animals with central nervous system intact. If the average rise (26 mgm. 
per cent) in this group of ten animals anesthetized with sodium barbital 
given intravenously be compared with the average rise (20 mgm. per cent) 
of the ten control animals similarly anesthetized, it is seen that the thal- 
amic preparation yields, on the average, a somewhat greater reflex hyper- 
glycemia. On the other hand, if this rise be compared with the average 
rise (24 mgm. per cent) of all twenty-six intact animals, vari- 
ously nareotized, it appears that the thalamic eat gives practically the 
same reflex rise. The former comparison seems the more valid one. The 


TABLE 3 
Thalamic animals 
Sodium barbital given intravenously (0.28 gram per kgm.) 


BLOOD SUGAR HEART RATE BLOOD PRESSURE 
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stimula. | Rise in 
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tion 
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thalamic animals, unless deeply anesthetized, showed occasional periods of 
spontaneous activity representing in modified form the pseudaffective 
phenomena which are so characteristic of unanesthetized thalamic animals 
(Cannon and Britton, 1925; Bulatao and Cannon, 1925; Bard, 1928). 
In view of the fact, stated in the next section, that ten decerebrate animals 
exhibiting no trace of pseudaffective activity and under the same type of 
anesthesia gave an average rise (27 mgm. per cent) which is essentially the 
same as that of the thalamic cats, it is improbable that an overactive dien- 
cephalon is responsible for the difference between the thalamic and control 
reflex hyperglycemias. 

Decerebrate animals. Twenty-six decerebrate animals were prepared in 
which the brain stem had been sectioned at the level of the anterior corpora 
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quadrigemina. As in the series of control experiments ten operations \ 
performed with the use of chloralose as the anesthetic and six with sodiu 
barbital which had been injected intraperitoneally. Since there was al- 
ways a difference in the basal level of the blood sugar, in the degree of 
anesthesia, and probably in the sugar storage of each animal, an attempt 
was made to eliminate the individual differences by taking the reflex rise of 
an intact animal, then decerebrating it and again measuring the reflex rise 
obtained by the same stimulation of the same nerve. Ten experiments of 
this nature were performed upon animals which had been anesthetized 
by intravenously injected sodium barbital (compare tables 1 and 4 The 
following protocol indicates the usual procedure. 


Experiment 23. Control experiment combined with a decerebration experin 


Weight 3.12 kgm. Male. 


2:00 p.m. Animal tied on animal board and etherized 

2:10 Tracheal cannula inserted. 

2:15 Both carotid arteries ligated in neck. 

2:30-2:40 Injected 17.5 ec. of a 5 per cent solution of sodium barbital and 20 
0.9 per cent warm saline solution into the left femoral vein 

Cannula for collecting blood samples placed in the right femor 
just distal to its saphenous branch. 

Blood pressure cannula in left femoral artery. 

Blood sample 1-125 mgm. per 100 ec. of blood. 

Blood sample 2-120 mgm. per 100 cc. of blood 


Blood sample 3-129 mgm. per 100 ec. of blood 

Right brachial nerve exposed and electrodes adjusted 

Stimulation of the nerve. Considerable reflex activity aroused 

Blood sample 4-152 mgm. per 100 ce. of blood. 

Blood sample 5-134 mgm. per 100 cc. of blood 

Blood sample 6-125 mgm. per 100 ce. of blood. 

Skull exposed. 

Decerebration completed. Very little blood lost. Breathing regular 
and normal. Heart strong. 

Animal tied down again. 

40 cc. warm saline injected subcutaneously. 

Blood sample 7-133 mgm. per 100 cc. of blood. 

Blood sample 8-120 mgm. per 100 cc. of blood. 

Electrodes again adjusted. 

Stimulation. 


ose 
4:2 
4:: 


> or 


a 


Blood sample 9-148 mgm. per 100 cc. of blood. 


Blood sample 10-125 mgm. per 100 cc. of blood 
Blood sample 11-118 mgm. per 100 ec. of blood. 
Blood sample 12-125 mgm. per 100 cc. of blood. 


Decerebration was performed by exposing the brain dorsally, removing 
the hemispheres, and making a section through the anterior corpora quad 
rigemina which extended ventrally to a point a few millimeters cranial to 
the pons. The carotids had previously been ligated and bleeding was con- 
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TABLE 4 
Decerebrate animals 
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TABLE 5 
Decerebrate animals 
Chloralose given by mouth (0.1 gram per kgm. in 40 cc. of milk) 
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trolled by compression of the vertebrals. Usually some blood was lost, 
however, and in order to aid the animal in recovering its normal blood 
volume 20 ec. of warm saline solution were always injected subcutaneously. 
The experiment was not continued unless the respiration was unimpaired. 
The first blood sample was taken approximately one hour after the opera- 
tion had been completed. 

The results, which are presented in tables 4 and 5, show quite conclusively 
that the reflex blood sugar rises obtained from animals decerebrated at this 
level are not essentially different from those shown by the control animals. 


TABLE 6 


Decapitate animals 
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On the basis of these findings it can be stated that the central mechanism 
concerned in reflex hyperglycemia is located below the level of the anterior 
colliculi. 

Decapitate animals. Fifteen decapitate animals were studied. In ten 
experiments chloralose was employed but in the remaining five ether was 
used until decapitation was completed. At the time of stimulation, there- 
fore, these latter animals were virtually unanesthetized. The preparations 
remained in good condition for as long as twelve to eighteen hours if un- 
disturbed, but rarely over ten hours if stimulated. Stimulation induced 
considerable activity, especially in the animals which had been decapitated 
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under ether, and this was associated with cardiac acceleration and in- 
creased arterial pressure. 

This work confirms that of Mellanby (1926) who found that sensory 
stimulation of spinal cats, prepared by Langley’s method of injecting starch 
grains into the cerebral circulation, did not produce reflex hyperglycemia. 
After decapitation the blood sugar slowly but steadily decreased, a result 
comparable to that mentioned by Olmsted and Coulthard (1927). As- 
phyxiation caused a considerable rise in the sugar content of the blood but 
stimulation of an afferent nerve had no effect on blood sugar. The ques- 
tion of spinal shock and its duration is a necessary consideration and 
though reflex cardiac acceleration and increases in arterial pressure were 
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obtained, there is a slight possibility that the experiments were not 
sufficient duration to permit the recovery of the mechanism controlling car- 
bohydrate mobilization, if such a mechanism does exist. In a few cases a 
brief retardation of the fall or even a rise of a few milligrams was obtained, 
but it can be safely said that under the conditions of these experiments the 
typical reflex hyperglycemia is not obtainable (see table 6). 

Further delimitation of the reflex blood sugar center. The experiments 
described above indicated that the reflex mechanism controlling carbohy- 
drate mobilization is located in the medulla oblongata. In order to find 
the part of the medulla responsible for this phenomenon sections were made 
through various regions and the reflex hyperglycemia measured. 
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In this work the method employed by Cannon and Rapport (1921) in 
locating the center responsible for the reflex activity of the adrenal glands 
was followed. The cerebral hemispheres were ablated and the tentorium 
was carefully removed. Using a sharp knife sections were made through 
the brain stem just back of the midbrain. By making cuts diagonally 
backward the anterior part of the medulla could be easily removed as far 
back as the posterior border of the pons. Although the carotids were li- 
gated and the vertebral arteries compressed, considerable bleeding usually 
resulted; therefore, a subcutaneous injection of 20 cc. of warm saline solu- 
tion was given as soon as possible. Such animals breathed but generally 
respiration was somewhat insufficient and for this reason the experiments 
were continued under artificial respiration to insure adequate ventilation 
in all instances. The breathing, however, was perfectly adequate to 
maintain life for considerable periods of time and frequently animals were 


TABLE 8 
Sections through medulla from the point of union of the cerebellum and the brachium 
pontis to the posterior border of the trapezium 


Sodium barbital given intravenous!y (0.28 gram per kgm.) 


BLOOD SUGAR HEART RATE BLOOD PRESSURE 


Before 
Rate Rise in in 


before beats Rise in tion is Rise in 
on i 
stimula- per per cent “4 San per cent 
tion minute 


EXPERIMENT Blood Blood 
NUMBER sample | sample | Change 
before after in 
stimula-| stimula-| per cent 
tion tion 


199 198 { 187 
145 151 244 
100 105 : 148 
132 140 j 152 


Averages...| 144 149 


able to keep themselves alive and fairly normal, as regards arterial pressure 
and heart rate, for as long as three hours after the artificial respiration 
had been discontinued at the end of the experiment. During the exper- 
iments arterial pressure was normal and reflex changes in both arterial 
pressure and heart rate were similar to those obtained in decerebrate ani- 
mals. Essentially the same reflex rises in blood sugar were obtained as in 
the other preparations giving positive results (see table 7). 

If, however, the section was made further back, from the origin of the 
brachium pontis in the cerebellum, on the dorsal side, to the posterior 
border of the trapezoid body, on the ventral side; or if the cerebellum was 
removed and a section made from the posterior border of the brachium 
pontis to the posterior border of the pons, no significant reflex blood sugar 
rise was obtained, and the animals approximated decapitate animals in 
this respect. These results are to be found in table 8. 
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Discussion. As a result of his efforts to find the cause of the puncture 
diabetes, Claude Bernard discovered that the phenomenon could not be 
produced if the spinal cord were severed anterior to the origin of the 
splanchnic nerves or if the splanchnic nerves alone were cut. Eckhard 
(1869) demonstrated conclusively that splanchnic section made piqtre 
ineffective and Kahn (1917) found that removal of the adrenals prevented 
puncture diabetes. Carrasco-Formiguera (1922) by showing that sugar 
puncture increased the amount of adrenin in the blood, furnished addi- 
tional and very satisfactory proof that the splanchnic nerves and the 
adrenal glands were largely responsible for the rise in blood sugar due to 
puncturing the floor of the fourth ventricle. 

Griffith (1923) has demonstrated that stimulation of an afferent nerve 
raises the blood sugar chiefly by activating the adrenal glands. Therefore 
any center controlling the amount of adrenalin discharged into the blood 
might be regarded as a center influencing carbohydrate mobilization. 
Definite information is at hand regarding the central control of medulli- 
adrenal secretion. In 1912 Elliott presented evidence showing that the 
loss of adrenalin from the glands which follows afferent stimulation or 
cerebral injury is mediated by a center close to the bulbar vasomotor center. 
Further, Cannon and Rapport were able more definitely to locate the reflex 
center by the method of successive transections of the brain stem and they 
found it near the upper edge of the fourth ventricle just back of the inferior 
colliculi. Thus the piqdre experiments and the study of reflex excitation of 
the adrenals seem to furnish satisfactory proof for the existence of a center 
in the upper part of the bulb capable of influencing medulliadrenal secretion. 

In the present series of experiments reflex hyperglycemias fully as great 
as those produced in animals with intact central nervous systems were 
evoked after the medulla had been transected below the locus of the 
adrenal center of Cannon and Rapport. From this it would appear that 
the central mechanism involved in reflex hyperglycemia is not identical 
with the reflexly excitable adrenal center. It is worth noting that in 
Griffith’s experiments denervation of the liver reduced the reflex rises in 
blood sugar on afferent stimulation. Although the percentages obtained 
in my experiments were somewhat lower than those he was able to produce 
when both the adrenals and the liver were active, they were slightly higher 
than the percentages he obtained after the adrenals were inactivated. 
Accordingly my rises may have been due chiefly to a reflex excitation of the 
nerves to the liver. But the elucidation of this point must await a further 
experimental analysis. 

The fact that reflex rises in blood sugar equal to those produced in ani- 
mals with intact central nervous systems are obtained after extirpation of 
the forebrain, midbrain, and the anterior part of the medulla oblongata does 
not indicate that higher centers have no ability to control carbohydrate 
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mobilization. The diencephalic center which is responsible for decorticaté 
sham rage (Bard, 1928) certainly has the ability to bring about the mobili- 
zation of carbohydrate stores (Bulatao and Cannon, 1925). There is other 
excellent evidence that the hypothalamus can exert some influence upon 
carbohydrate mobilization. Sachs and MacDonald (1925), Bailey and 
Bremer (1921), Camus and Roussy (1920), and Camus, Gournay, and Le- 
Grand (1925) have shown that experimental lesions of the hypothalamus 
are sometimes followed by glycosuria and hyperglycemia. Beattie, Brow, 
and Long (1930) have described nuclei in the diencephalon which send 
direct fibers to those columns of gray matter in the spinal cord known to 
give rise to preganglionic sympathetic fibers. Houssay and Molinelli 
(1925) state that stimulation of the hypothalamus increases adrenalin 
secretion. Himwich and Keller (1930) found that direct stimulation of 
the hypothalamic region causes a rise in blood sugar. This morphological 
and physiological evidence clearly proves that centers above the medulla 
oblongata can and do play a part in controlling the mobilization of car- 
bohydrates. The experiments reported in this paper indicate, however, 
that those higher centers are not necessary for reflex blood sugar rises. 


SUMMARY 


An effort was made to ascertain whether or not a bulbar control of car- 
bohydrate mobilization exists, by comparing reflex rises in blood sugar 


induced before and after various parts of the central nervous system had 
been excluded. Cats were used exclusively. 

1. To ascertain the reflex hyperglycemia of intact anesthetized animals 
26 experiments were performed. The average reflex rise was 20 mgm. per 
cent in 10 cats under intravenous sodium barbital, 29 mgm. per cent in 6 
animals under the same anesthetic injected intraperitoneally, and 22 mgm. 
per cent in 10 under chloralose. 

2. In 10 thalamic animals studied under intravenous sodium barbital 
the average reflex rise was 26 mgm. per cent. 

3. Reflex hyperglycemias were investigated in 26 decerebrate prepara- 
tions. The average rise was 27 mgm. per cent in 10 cats under intravenous 
sodium barbital, 41 mgm. per cent in 6 animals under the same anesthetic 
injected intraperitoneally, and 20 mgm. per cent in 10 under chloralose. 

4. Stimulation of an afferent nerve had only a very slight or no effect 
upon the blood sugar levels of the 15 decapitate animals which were studied. 

5. In 10 experiments a diagonal section through the medulla oblongata 
from a point a millimeter or two rostral to the union of the cerebellum and 
brachium pontis dorsally to the posterior border of the pons ventrally did 
not abolish reflex hyperglycemia, for an average rise of 22 mgm. per cent 
was obtained in 6 animals under intravenous sodium barbital and a rise 
of 32 mgm. per cent in 4 animals under chloralose. But a section a few 


76 CHANDLER M. BROOKS 


millimeters caudal to that level abolished the phenomenon almost entirely 
in the 4 experiments performed and the animals reacted very similarly to 
the decapitate preparations. 

It is concluded that there is in the floor of the fourth ventricle just poste- 
rior to the middle of the brachium pontis and very close to the vasomotor 
center a neural mechanism which is responsible for the reflex rises in blood 
sugar which result when an afferent nerve is stimulated in the anesthetized 
cat. 


I wish to express my indebtedness to Dr. Philip Bard for suggesting this 
problem and for his unfailing helpfulness and encouragement. 
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Fight years ago, Marshall and Vickers (1923) submitted evidence that 
phenol red (phenolsulphonephthalein) was secreted by the convoluted 
tubules of the dog’s kidney as well as being eliminated by the glomeruli 
Their conclusions were /, that an accumulation of phenol red in the cells 
of the convoluted tubules of the non-secreting kidney (lowered blood pres- 
sure) occurs after intravenous injection; 2, that phenol red is present in 
dog’s blood plasma to a large extent in some non-diffusible combination 
with the colloids; and 3, that under certain conditions after intravenous 
injection a sufficient concentration of the filterable phenol red is not present 
in the arterial blood to account for the quantity eliminated in the urine 
even if filtration of all the plasma is assumed to occur. This last conclusion 
was based on certain assumptions, but the latitude used in making these 


assumptions was such that it seemed certain that the excretion of phenol 


red could not be accounted for entirely by filtration. 

The subsequent work of Marshall and Crane (1924) supported this con- 
clusion, and Starling and Verney (1925) using the heart-lung-kidney prep- 
aration confirmed and accepted the results. Some investigators, however 
have felt unable to accept this interpretation, and have presented eriti- 
cisms of the experimental work. It has, therefore, seemed advisable to 
extend these investigations on the excretion of phenol red in the light of 
the knowledge of kidney function which has accumulated in the interval. 
The new experiments reported in this paper have been planned so as to 
avoid the assumptions, however likely, necessary for drawing conclusions 
from the previous work. The results confirm our former conclusion that 
phenol red is in large part excreted by tubular secretion in the dog. 

The first series of experiments were in design like the earlier ones of 
Marshall and Vickers, with certain important modifications. Unanes- 
thetized female dogs were used in determining the concentrations of phenol 
red present in blood plasma in relation to the rate of its exeretion in the 
urine. This allows one to calculate the amount of plasma cleared of either 
total or filterable phenol red per minute and to estimate the minimum 
blood flow through the kidney necessary for its excretion by filtration alone. 
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In order to minimize uncertainties in regard to the amount of phenol red 
present in the dead space of the kidney (tubules, pelvis and ureter) at the 
beginning of the experimental period, subcutaneous injections were made, 
and the periods of urine collection prolonged. Special experiments showed 
that after subcutaneous injection the maximum concentration of phenol 
red is present in the blood in about one-half hour. The collection of urine 
was, therefore, begun at this time when the urine of the dead space would 
be of a lower concentration than that eliminated during the first part of 
the experimental period. 

In the previous experiments, plasma concentrations were around 4 or 
5 mgm. per cent: in the present experiments, concentrations of one-tenth 
or one-twentieth of these values were used. The amounts of phenol red 
injected in experiments designed to detect its secretion by the tubule 
should be as small as can be accurately estimated in plasma. Marshall 
and Crane (1924) showed that with increasing plasma concentrations, the 
efficiency of the kidney in excreting this substance was reduced, presumably 
due to a relatively lessened tubular secretion. This has now been defi- 
nitely proven in the case of the aglomerular kidney of fish, as is shown in 
the following experiment. 


Five toadfish (330 to 390 grams), injected intramuscularly with 1.8 mgm. of phenol 
red, secreted 12 to 23 per cent of the amount injected in five hours. Three toadfish 
(300 to 450 grams), injected with 36.0 mgm., secreted only 1 to 2 per cent in five hours. 
Fish of approximately the same weight showed plasma concentrations of 0.6 mgm. per 
cent with the smaller dose, and of 19 mgm. per cent with the larger dose two hours 
after injection. In the case of the smaller dose, the urine may contain 250 times the 
concentration of phenol red as the plasma; while with the larger dose, a concentration 
ratio of only 14 has been found. Here, then, tubular secretion is only about 10 per 
cent as efficient with the larger as with the smaller dose. 


The plasma clearance for creatinine after its ingestion, which has been 
suggested by Rehberg (1926) as a measure of the amount of glomerular 
filtrate, was determined on the same animals as were used for the phenol 
red experiments. In some experiments creatinine alone was used while 
in other experiments phenol red and creatinine were administered together. 

The analyses of phenol red and creatinine in plasma and urine were 
made by means of a Biirker colorimeter. Phenol red was estimated in 
plasma directly by the addition of alkali, with a sample of plasma taken 
from the same dog before the experiment used to compensate for the plasma 
color. This method has been tested frequently and found accurate. Creat- 
inine was determined by Jaffe’s color reaction. By compensating for the 
phenol red color, creatinine could be easily determined in the presence of 
phenol red. 

Two dogs were used for these experiments which were performed at 
various intervals from October to April. The procedure was as follows: 
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Blood was drawn from the saphenous vein, phenol red solution (about 4) 
mgm. per kilo) injected subcutaneously, and usually 250-300 ec. of water 
with or without 6 grams of creatinine given by stomach tube. The bladder 
was emptied by catheter at the end of one-half, one and one-half and two 
and one-half hours. Blood was drawn from the saphenous vein or femoral 
artery either at the beginning and end of each hourly period of urine col- 
lection or at the mid-point of the period. Kither heparin or oxalate was 
used to prevent coagulation. The animals lay quietly on a blanket on the 
floor, except when blood or urine was being collected. 
A brief summary of the results on one dog is given in table 1. 


TABLE 1 
Police dog, 19.0 kilo 


PHENOL RED CREATININE 
PLASMA 


CLEARED PER 


Plasma Urine MINUTS 


mgm. per | mgm, per a) mgm. per 
cent | minute cent 


0.4: 62 
. 66 
29 
56 
32 
3.17 
Os 
62 5 115 
95 34 148 
2.93 ‘ 135 
1.09 D. 148 13 


Ultrafiltration experiments on blood plasma taken from this dog showed 
that only 25 per cent of the total phenol red was in the filterable form. 
Hematocrit readings gave an average of about 50 per cent corpuscles. 
If we take a plasma clearance of 150 cc. per minute and multiply by four 
we have the amount of plasma, 600 cc., necessary to contain the filterable 
phenol red to account for the amount excreted by the kidney per minute. 
This means that the blood flow through the two kidneys must be 1200 
ce. per minute, even if we assume that all the plasma is filtered at the 
glomeruli. It is, of course, obvious that all the plasma cannot be fil- 
tered and it is quite probable that the filtered fraction is not more than 
50 per cent. On this basis, we need a blood flow of 2400 ce. per minute. 
This last is almost as much as the total cardiac output per minute of a 
dog of this size (Marshall, 1926), while the figure for blood flow (1200 ce 


1 Phenol red is contained in blood only in the plasma and not in the red corpuscles. 
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on the assumption of filtration of all the plasma is nearly half of the total 
heart output. It is obvious that the blood flow through the kidneys is 
not of this magnitude, and hence that glomerular filtration alone cannot 
account for the phenol red eliminated. Recently Rhoades, Van Slyke, 
Hiller and Alving (1931) have reported that the rate of blood flow through 
one kidney of an unanesthetized dog of this size is in the neighborhood of 
200-250 ce. per minute. 

In table 1 it is evident that the figures for plasma clearance of creatinine 
are consistently lower and much more variable than those for phenol red. 
If the figures for phenol red clearance are multiplied by 4 to get the clear- 
ance of free phenol red, the difference is much more pronounced. On 
Rehberg’s assumption that the creatinine clearance is a measure of glomeru- 
lar filtrate, we can calculate that only 9.5 to 17.0 per cent of the total red 
is excreted in the glomerular filtrate. Ifa part of the creatinine is secreted 
by the tubules the amount of phenol red in the glomerular filtrate will be 
correspondingly less. 

The data obtained on the second dog, ‘‘Beauty,”’ 15 to 16 kilos, are essen- 
tially the same. Determinations of plasma clearance in cubic centimeters 
per minute for phenol red from November to February were consecutively : 
144, 146, 92, 99, 122, 126, 136, 136, 145, 147, 87, 93. The first pair of 
figures in italics represent the result when ten times the usual dose was 
given (plasma = about 4 mgm. per cent), while the second pair of italicized 
figures were obtained for injection of twenty times the usual dose (plamsa 
= about 7 mgm. percent). The creatinine clearances were 65, 90, 76, 60. 
It is here evident that the kidney is less efficient in excreting phenol red 
from a high than from a low plasma concentration. 

In the case of the subcutaneous injections of phenol red used in these 
experiments it is difficult to imagine secretion of this substance to occur 
from a store laid up in the renal cells at the time of injection. The other 
alternative, which can explain the high clearance values found, is that 
both free and combined phenol red are excreted in an extremely efficient 
manner by the kidney (Marshall and Vickers, 1923). 

It has been possible to test this idea by a comparison of the phenol 
red concentrations in arterial and renal vein blood. Since our previous 
experiments were done on dogs anesthetized with paraldehyde and seemed 
to show a high plasma clearance for the particular dose used, a few ex- 
periments on dogs under this anesthetic were done in the same manner 
as those on the unanesthetized dogs recorded above. The plasma clearance 
values obtained were of the same order of magnitude as those on unan- 
esthetized dogs for both phenol red and creatinine. 

A second series of experiments was therefore carried out on dogs anes- 
thetized with paraldehyde to compare the phenol red content of arterial 
and renal vein blood. The renal vein blood was obtained by inserting a 
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needle into the left spermatic or ovarian vein and pushing it into the renal. 
This procedure involved no dissection or handling of the kidney or renal 
vessels. In two instances the valve at the entrance of the spermatic into 
the renal vein was found to be lacking or incompetent and blood was drawn 
directly from the spermatic vein. In all cases the spermatic or ovarian 
vein was occluded pheripherally to the renal before drawing blood. In a 
few instances the renal vein was exposed and blood drawn directly from it. 
Phenol red (6 mgm. per kilo) was given subcutaneously one-half to one 
hour and a half before drawing blood samples. 

The following protocol illustrates the details of an experiment. 

Dog, male, 14.2 kilos. At 9:15, given 27 cc. paraldehyde and 200 ce. water by 
stomach tube. 10:30 to 10:50, tracheal cannula inserted, and left carotid artery iso- 
lated. At 10:54, 10 cc. of blood drawn from carotid: at 10:55, 15 cc. (90 mgm 


phenol red injected subcutaneously. From 11:15 to 11:23, exposed left spermatic 
vein by lumbar incision (extraperitoneally). At 11:46, 6 ec. of blood drawn from 


TABLE 2 
Phenol red content of arterial and renal vein bloods 


PHENOL RED 


PER CENT 
MENT ‘ REMARKS 
REMOVED IN ULTRAFIL- 
Arterial ‘ TRATE 
veln 
mgm. per | mgm. per | 
cent cent 
1 0.50 0.17 66 Spermatic, valve incompetent, 22 
| injection of sodium sulfate 
2 | 0.48 0.32 34 | Renal vein 20 
3 0.40 0.15 63 Spermatic ‘a 
| 0.37 0.185 50 =| Renal vein 
| 
4 | 0.43 0.15 65 Ovarian 4 
| 
0.37 0.20 | 46 Ovarian, trauma 
5 0.48 0.15 69 Spermatic, valve incompetent 


6 | 0.45 0.20 | 55 Renal vein 


renal vein by inserting needle through spermatic vein. At 11:47, 10 cc. blood drawn 
from carotid artery. About 5 mm. of renal vein exposed half way between kidney 
and vena cava. At 12:04, 10 cc. blood from renal vein. At 12:04:30, 10 ce. of blood 
from carotid artery. Dog bled 300 cc. from carotid. 

First pair of samples, arterial plasma contained 0.40 mgm. per cent of phenol red, 
and renal vein plasma (via spermatic) contained 0.15 mgm. per cent (62.5 per cent 
removed by kidney). 

Second pair of samples, arterial plasma contained 0.37 mgm. per cent of phenol 
red, and renal vein plasma, 0.18 mgm. per cent (49 per cent removed by kidney). 

An ultrafiltrate of serum contained 0.09 mgm. per cent phenol red as opposed to a 
total content of serum of 0.37 mgm. per cent (25 per cent free). 


Table 2 gives a comparison of the phenol red content of arterial and renal 
vein plasma from six dogs. In one animal, the left ureter was cannulated, 
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an injection of sodium sulfate given intravenously, and urine collected. 
The plasma clearance for phenol red before exposing the spermatic vein 
was 45 ec. per minute (one kidney). A second determination collecting 
urine for a few minutes before, during and after drawing renal vein blood 
was 53 cc. per minute. 

The renal vein plasma has varied from 31 to 66 per cent of the arterial 
plasma in its phenol red content. In the five cases where blood was ob- 
tained via the spermatic or ovarian veins, its plasma content in phenol red 
has been 31, 34, 37, 35 and 54 per cent of that of the arterial blood plasma. 
The high value (54) was obtained in a second sample of blood drawn via 
the ovarian vein, where considerable difficulty was experienced in drawing 
blood. The most perfect experiments technically therefore give a phenol 
red content of renal vein blood of 31 to 37 per cent of that of arterial blood 
(63 to 69 removed by the kidney).?_ Ultrafiltration of blood serum obtained 
at the end of these experiments showed that from 20 to 25 per cent of the 
phenol red was in the filterable form.’ Thus, we see that the kidney can 
remove 63 to 69 per cent of the total phenol red present in arterial blood 
plasma under conditions where only 20 to 25 per cent of the total phenol 
red of arterial plasma is filterable. It is obvious that filtration and re- 
absorption as the sole processes taking place in the mammalian kidney 
cannot explain this result. Indeed, it appears that less than 20 per cent 
of the phenol red excreted by the kidney can be accounted for by glomerular 
filtration (assuming 50 per cent of the plasma to be filtered). 

The outcome, then, of these two series of experiments is to confirm the 
conclusion drawn from our previous work, that it is necessary to assume 
the participation of some other factor than glomerular filtration and 
tubular reabsorption to explain the excretion of phenol red. Richards 
(Richards and Barnwell, 1927; Richards, 1929) has criticized our earlier 
experiments on three grounds; namely, /, that the fraction of phenol red 
which can be ultrafiltered through a collodion membrane is not the fraction 
which is free to pass through the glomerular membrane; 2, that our as- 
sumption of a rate of blood flow through the kidneys of 5 cc. per gram per 
minute is too low, and 3, that adequate account was not taken of the 
amount of phenol red actually present within the lumina of the tubules 
in concentrated form at the very beginning of our experimental periods. 


2 The lymph flow from the kidney will introduce an unknown error into the com- 
parison of arterial and renal vein blood. However, this error is probably very small 
and in any case tends to increase the difference in phenol red content between the two 
bloods. 

3Grollman (1925) found 25 per cent in the ultrafiltrate from dog’s plasma. Our 
values obtained in these experiments are essentially the same as those of Grollman. 
The higher values (25 to 40 per cent) obtained in the earlier work of Marshall and 
Vickers (1923) are explained by the fact that the plasma proteins were frequently 
diluted due to the intravenous injection of large quantities of salt solutions. 
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In regard to the first point, it is quite clear that if the glomerulus allows 
more phenol red to pass than the fraction which is present in the plasma in 
filterable form either the glomerular filtrate normally contains protein or 
the process by which phenol red is excreted at the glomerulus is not entirels 
filtration. All of the evidence available indicates that glomerular fluid is 
normally free of protein (Marshall and Vickers, 1923; Ekehorn, 1930). 
Proof of the combination of phenol red with the plasma proteins is not 
dependent on the use of a collodion membrane. Grollman (1925, 1926 
has given a qualitative optical proof of the absorption of phenol red on 
plasma proteins and has found quantitative agreement of the results ob- 
tained by ultrafiltration and by dialysis. The equilibrium between the 
free and combined phenol red in blood plasma is independent of any partic- 
ular membrane or the use of any membrane at all. Therefore, if some of 
the combined phenol red is eliminated at the glomerulus, the process can- 
not entirely be one of filtration. Richards has apparently recently ac- 
cepted the above viewpoint since his experimental finding in the frog (Rich- 
ards and Walker, 1930) that ‘“The values of the concentrations of phenol 
red and indigo carmine in glomerular urine collected during the renal elimi- 
nation of these dyes bear the same relation to their concentrations in the 
blood plasma as is obtained when plasma is filtered through collodion”’ 
is used as evidence that glomerular excretion is purely a process of filtra- 
tion. 

In the matter of blood flow through the kidney Richards says, ‘‘Doubt- 
less we shall never know what the actual figures of maximal rate of blood 
flow through the kidney under normal conditions are, but I am strongly 
of the opinion that in Marshall’s experiments they must have been higher 
than he believed, and his conclusions would, I think, have been modified 
had the figure 8 been used instead of 5 for maximal blood flow.”” Calcu- 
lation from the figures given in the two protocols in our former paper 
indicate that our conclusions would not have been modified by using the 
figure 8 instead of 5 unless one is willing to assume that 62 and 75 per 
cent of the plasma can be ultrafiltered at the glomerulus. Since the present 
experiments completely answer this point, no further comment is necessary. 

The third point in regard to the phenol red present in the dead space 
of the kidney at the beginning of the experimental periods was discussed 
in our former paper, and is completely covered by the present experiments. 

Cushny (1926) and Ekehorn (1930) have also suggested that the glomeru- 
lus may split the combined phenol red from the plasma proteins and elimi- 
nate it. As shown above, however, this amounts to admitting “secretion’’ 
of the substance at the glomerulus. 

Ekehorn further says in regard to combined phenol red “‘In any case the 
compound must be split up also if the tubular cells secrete its dye-com- 
ponent; and this splitting must occur in the blood of the capillaries because 
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the dye component cannot permeate the capillary wall . . . Inother 
words, it is no more possible to localize the excretion of nondiffusible dyes 
to secreting renal tubules than it is to localize it to filtering glomeruli. 

The experiments on the comparison of arterial and renal vein blood prove 
that a large proportion of the combined phenol red in plasma is in fact 
removed by the kidney, and we see no way in which this can be accom- 
plished by filtration alone. The combined phenol red need not permeate 
the capillary wall. With the passage of the free phenol red into the tubule 
cells, the equilibrium is disturbed and more phenol red is liberated from the 
combined form. 

Rehberg (1926) and Ekehorn (1930) argue from a priori considerations 
that secretion by the kidney must be a less efficient process than filtration 
and that it must require a greater rate of renal blood flow. However, the 
facts show that some process in the kidney is more efficient in requiring 
less blood flow for the elimination of phenol red than filtration would; about 
70 per cent of the total phenol red in plasma can be removed by the kidney, 
where the same rate of blood flow could remove less than 20 per cent by 
filtration alone. 

MacKay and Oliver (1930) while admitting tubular secretion of neutral 
red state that phenol red is eliminated entirely by the glomerulus in the 
mammalian kidney. They find for phenol red a direct relationship be- 
tween the plasma concentration and rate of excretion which is opposite’ 
to the results of Marshall and Crane (1924). They attempt to explain 
this discrepancy by suggesting that Marshall and Crane used too small 
urine volumes, too short times of collection, and drew blood samples at 
the wrong time. Since in our experiments urea was injected together with 
the phenol red, it is evident that the above factors should have affected the 
urea figures in the same way as those for phenol red. But their results 
for urea confirm ours. A much more likely explanation of the discrepancy 
of our results and those of MacKay and Oliver is to be found in the dosage 
of phenol red employed, for they have worked with plasma concentrations 
of 10 to 150 mgm. per cent, values of a much higher order of magnitude 
than those reported in our work and we have shown that the efficiency of 
the kidney in excreting phenol red decreases with increasing plasma con- 
centrations. 

It is interesting to note that if we assume 70 per cent removal of phenol 
red by the kidney for our unanesthetized dogs, the rate of blood flow 
through the kidney calculated from the clearance figures of table 1, works 
out to be 165 to 220 ce. per minute (one kidney). This agrees well with 
the figures reported for the unanesthetized dog by Rhoades, Van Slyke, 
Hiller and Alving (1931). 

The data presented in the present paper point unmistakably to the con- 
clusion that over 80 per cent of the phenol red excreted by the mammalian 
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kidney is excreted by some other process than that of glomerular filtration. 
The specialized epithelium of the convoluted tubule as opposed to the thin 
epithelium investing the glomerular tuft, the accumulation of phenol red in 
the cells of the convoluted tubules of the non-secreting dog’s kidney, and 
the fact that phenol red is secreted by the tubule of the aglomerular fish 
kidney all point to the elimination of phenol red by the tubule. In the 
case of the toadfish kidney, it is now certain that secretion of phenol red is 
accomplished by the analogue of the proximal convoluted segment of the 
mammal (Bieter, 1931; Grafflin, 1931): it is reasonable to suppose that 
this same proximal segment secretes phenol red in the mammal. As to its 
secretion by other segments of the mammalian tubule, however, nothing is 
known. 

No attempt will be made in the present paper to discuss the secretion of 
phenol red by other classes of vertebrates or to consider what the relatively 
large proportion of phenol red eliminated by tubular secretion as op- 
posed to glomerular filtration means in regard to the excretion of the normal 
urinary constituents. It is important, however, to point out that filtration- 
reabsorption and tubular secretion are not incompatible as some recent 
writers have assumed, but that both processes operate in the same kidney. 
What is most needed at present is a knowledge of the relative importance 
of these two processes in the elimination of various substances by the 
kidneys of different classes of vertebrates. This has been recently discussed 
in another place (Marshall, 1931). 


SUMMARY AND CONCLUSIONS 


The mammalian kidney is much more efficient in excreting phenol red 
than creatinine. Taking account of the fact that only a small amount 
of phenol red in dog’s plasma is filterable, it is shown that the blood flow 
through the kidney necessary for the excretion of this substance by filtra- 
tion alone is of an impossible order of magnitude. A comparison of the 
phenol red content of arterial and renal vein blood plasma indicates that 70 
per cent of the phenol red may be removed by the kidney, while only 25 
per cent is filterable. 

Filtration alone therefore will not account for the amount of phenol 
red eliminated. ‘The other process in its elimination is tubular secretion, 
which accounts for over 80 per cent of the total amount excreted. This 
confirms the work of Marshall and Vickers, and answers criticisms which 
have been made of this earlier work. 
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The accuracy of records of gastro-intestinal motor activity taken by 
means of balloons distended within the lumen has often been questioned. 
Welch and Plant, 1926, observed that tone and activity in the proximal 
colon of unanesthetized dogs were greater during the first portion of the 
tracing than later, and ascribed the augmentation to the insertion of the 
recording balloon through the cecostomy, and its inflation. 

As early as 1900 Bayliss and Starling had confirmed their “law of the 
intestine” on the colon of anesthetized dogs, while Langley and Magnus 
in 1905 found occasionally a reversal of the law in the distal colon of the 
rabbit. Elliott and Barclay-Smith reported in 1904 that distention of a 
balloon in the distal colon of the cat induced colon peristalsis. 

In 1926 Currie and Henderson noted that increasing the pressure within 
the guinea pig’s proximal colon produced longitudinal contractions of 
sufficient force to expel the contents, with low peristaltic contractions, 
presumably involving the circular muscle fibres. Similarly Fleisch, in 
1928, observed a shortening of the guinea pig’s colon as a response to 
mechanical stimulation. 

Weitz and Vollers, in 1927, inflated balloons in the rectum in man and 
observed depression of tone and activity in their recording balloon, inserted 
by rectum into the distal colon. Peiper, however, in 1928, working on 
the distal colon of children, was able to detect no alteration of activity in 
a two-balloon record on over-inflating one of the balloons. 

In 1926 Pearcy and Van Liere, working on the effect of distentions of the 
gastro-intestinal tract in unanesthetized dogs and cats, suggested that 
adequate distention of any portion of the tract inhibits all other portions 
except the ileo-cecal sphincter. Their balloons were distended under 
pressures as high as 50 mm. Hg. 

Karly in our study of the activity of the colon in unanesthetized dogs, 
we observed irregularities in the first portion of the tracings similar to those 
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which are reported by Welch and Plant, and discarded this portion of the 
records in the presentation of the normal. We were using at that time 
triple tandem balloons inserted into the proximal colon by way of cecos- 
tomies, under conditions which were quite comparable to those of Welch 
and Plant. On introducing the use of two triple balloon systems, one 
inserted through the cecostomy, and the other through the anus (Temple- 
ton and Lawson, 1931) we considered it necessary to determine the effect 
which the insertion of each set might have on the activity recorded by the 
other, and also the influence which moderate over-inflation of each of the 
recording balloons, with pressures comparable to those obtaining at the 
height of tone changes against a recording balloon, might have on its own 
and other segments of the colon. 

For the study of the effect of insertion of one of the balloon systems, 
tracings were started with either the proximal or the distal set in place 
and inflated under the pressures used for recording. The volume of bal- 
loon, lead-tube, and manometer was such that a 10 em. inflation of the 
water manometer with the balloon system clamped off, furnished a pressure 
of about 2 to 3 em. of water against the uncontracted gut wall, when the 
balloon system was unclamped. When constant activity was attained on 
this record, usually within one to two hours after the insertion of the 
balloons, the second set was inserted, and at times inflated immediately 
for recording the activity of the segment itself, at times left uninflated so 
as to record the effect of the insertion alone on the other set of balloons. 

With all six balloons inflated to recording pressures, as previously de- 
scribed, individual balloons were moderately over-inflated with an additional 
10 em. of water directly against the gut wall, so that pressures were ex- 
erted aginst the wall of the colon from three to six times as great as were 
used in obtaining the normal records. Similarly the effect on adjacent 
segments of deflating one of the recording balloons was studied. 

In order to localize more definitely the effects observed on inserting the 
distal set of balloons, multiple stimulating electrodes were inserted 
through the anus along with the distal set of balloons, so that dif- 
ferent points in the distal colon could be selectively stimulated without 
moving the electrodes, so as to avoid introducing possible error by mechani- 
eal irritation. No attempt was made to determine the strength of current 
required to stimulate in this manner. Moderate tetanizing currents were 
employed, and the strength increased gradually until the dog showed signs 
of discomfort. Frequently movements of the tail, perineal muscles, and 
sometimes even the hind legs were observed. 

When the distal set of balloons was inserted while a tracing was being 
made from the proximal colon, it was observed that almost immediate de- 
pression of tone and activity in the proximal colon ensued, and lasted from 
5 to 30 minutes. This has been an almost invariable observation on 15 
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dogs. If the distal set of balloons was inserted during a period of in- 
activity in the proximal colon, the proximal tracing usually showed a brief 
single contraction simultaneously on all the balloons, with immediate 
return to inactivity. This effect was obscured if the proximal colon was 
active at the time of the insertion. If, while a tracing was being taken 
from the entire colon, with both sets of balloons inserted and inflated. 
a rubber tube was inserted through the anus into the distal colon, the ef- 
fect on both proximal and distal colon was observed (fig. 1). During the 
period of proximal colon depression the distal colon is greatly augmented 
in tone, and high type 1 contractions appear, which are gradually sup- 
planted by type 2 contractions as tone falls. This augmented activity. 


(Ay 


Fig. 1. Four-balloon tracing of entire colon. Balloons I and II are in the proximal 
colon, separated by a distance of 9 cm.; balloons III and IV a similar distance apart 
in the distal colon, balloon I at level of ileocecal sphincter, balloon IV just within the 
internal anal sphincter. Time interval, 1 minute. At the point indicated by an ar- 
row a stiff rubber tube 1 cm. in diameter was inserted through the anus into the 
distal colon. Balloon I recovers tone and activity within about 30 minutes, balloon 
II returns in about 45 minutes. 


especially the high type 1 contractions, is more marked on the balloon 
which lies nearest the sphincter area. When the proximal colon had re- 
covered, and activity had become constant in both segments, shifting the 
position of the distal balloons in either direction had the same effect as 
the insertion of the balloons. On the other hand, we have made continu- 
ous 6-balloon tracings from the dog’s colon for as long as 22 hours, without 
marked alteration of activity after the first one or two hours, so long as 
the position of the balloons was unaltered. In these long tracings we have 
observed a tendency toward cyclical changes in activity, but no pro- 
gressive diminution. 

The insertion of the proximal set while a tracing was being taken from 
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the distal colon has not produced any constant effect on distal colon ac- 
tivity. In one dog shifting the position of the proximal set was usually 
followed by diminution in activity in the distal balloons. The insertion 
or removal of the proximal set seemed, in this animal, to be attended with 
more discomfort than in other dogs. 

Inflation of individual balloons in the distal colon with 10 em. of water 
pressure in addition to the recording pressure, has produced little altera- 
tion in the activity of any segment. The slightly augmented amplitude 


Fig.2. Six-balloon tracing of entire colon. Balloon I at ileocecal sphincter, bal- 
loon VI just within internal anal sphincter. Interval between adjacent balloons in 
eitherset5cm. Timeinterval,1 minute. Method of inflation furnishes about 2 cm. 
of water pressure against the wall of the uncontracted gut. The points indicated by 
arrows and numbers / to 7 are inflations of individual balloons with approximately 
equal additional pressures, except that 4 is deflation of balloon I, following over- 
inflation. The over-inflation never exceeded 10 cm. of water. The depression of 
II and III during this over-inflation of I could not be repeated. Balloon III was over- 
inflated at / and 7 without deflation, and without maintaining high tone. Balloon 
II was kept throughout unaltered as a control. 


of contractions in the over-inflated balloon may be due either to stimu- 
lation of the segment, or to the increased volume of air displaced by 
contractions of the same amplitude (fig. 2). We have not recorded in 
the distal colon a rise in tone following the over-inflation. In the proximal 
colon, on the other hand, increasing the pressure in one of the balloons by 
10 em. of water has usually been followed by increased amplitude of 
contractions, a rise in tone, frequently preceded by a fall; while segments 
above the distention record also slightly increased tone and activity (fig. 2). 
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Little effect has been observed on the distal colon, on thus augmenting 
proximal colon activity. 


Fig. 3. Four-balloon tracing of entire colon. Balloons I and II are in the proxi- 
mal colon, separated by a distance of 9 cm., balloon I at level of ileocecal sphincter 
Balloons III and IV are similarly spaced in the distal colon, balloon IV just within 
the internal anal sphincter. Time interval, 1 minute. The points indicated are 
equal tetanizing stimuli applied to different levels in the distal colon. 1 isstimulation 
just above the internal anal sphincter. 2 is same stimulus applied 5 cm. above in- 
ternal anal sphincter, during period of proximal colon activity. 3 is same stimulus 
applied 10 cm. above the internal anal sphincter. At 4 the same stimulus was given 
at a point 15 cm. above the internal anal sphincter. 4a, b, andc are stimulations of 
the anal side of the internal anal sphincter with the same stimulus. During the 
stimulus 4 b the effect in the distal colon is typical, but there is no evidence of depres- 
sion of balloon I. 


Electrical stimulation of the distal colon at different levels produced 
essentially negative results with current strengths which the dog would 
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tolerate, except when the region near the internal anal sphincter was stimu- 
lated, (fig. 3 and fig. 4). When this region was stimulated, the effect 
obtained was the same in both proximal and distal colon as when the 
distal set of balloons was inserted. The proximal colon was depressed, 
and the distal colon augmented in both tone and activity. The increased 
tone and the high type 1 contractions were always most marked 
in the balloon nearest the sphincter (fig. 4). Proximal colon depression 
was usually least complete on the balloon nearest the cecum (fig. 3) and 
this balloon was the first to recover from depression under either condition 


(fig. 1). 


Fig. 4. Six-balloon tracing of entire colon. Balloon I at ileocecal junction, bal- 
loon VI just within internal anal sphincter. Interval between adjacent balloons in 
either set 5cm. Time interval, 1 minute. The tracing was begun with proximal 
balloons inserted but uninflated. At A, B, and C the proximal balloons were inflated 
under recording pressures as indicated. 1, 2, 3, and 4 are tetanizing currents applied 
to the internal anal sphincter during different phases of proximal colon activity. The 
letters X, Y, and Z refer to spontaneous alterations of colon motility. 


The conditions under which these data have been gathered are hardly 
comparable to those under which other work of similar nature has been 
done. We have employed distentions which lie within the range used by 
us in our balloon study of the normal activity, while other workers have 
undoubtedly used distending pressures which were more effective stimuli. 
Even the moderate pressures which we have used have furnished con- 
firmation of the observations of Bayliss and Starling and Welch and Plant, 
in the dog’s proximal colon. Our data on the distal colon, on the other 
hand, agree with the observations of Peiper. We have not attempted to 
check the data of Pearcy and Van Liere, using pressures sufficient to 
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stimulate the distended segment. With our moderate distentions we do 
not duplicate the findings of Weitz and Vollers. 

The concentration of activity to the region of the sphincter when the 
sphincter is stimulated, might suggest that activity appearing on other 
balloons of the distal set is referred from the activated sphincter. The 
alternate explanation is that the entire distal colon reacts to adequate 
stimuli in the same manner as the sphincter area. 


SUMMARY 


1. Moderate distentions of the proximal colon of the dog such as we have 
used in obtaining balloon records are followed by a temporary augmenta- 
tion of proximal colon tone and activity. 

2. Similar distentions of the distal colon do not alter the activity of 
any part of the colon, except for a possible slight local augmentation of 
activity without tone change. 

3. Mechanical irritation of the anal sphincter area increases the tone and 
activity of that area, and possibly of adjacent segments, and depresses the 
tone and activity of the proximal colon. 

4. Electrical stimulation of the anal sphincter region has the same local 
effect, and the same depressing effect on the proximal colon, as mechanical 
irritation of the region. 

5. Similar electrical stimulation of other areas in the distal colon are less 
effective both locally and on the proximal colon. 


The writers are indebted to Dr. A. J. Carlson, under whose direction this 
work was conducted. 
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Bayliss and Starling (1902) reported intravenous injections of secretin 
to augment the flow of bile. Many writers since then have confirmed their 
findings. Whipple (1922) refers to secretin among other substances re- 
ported to cause minor fluctuations in the flow of bile. He states, “In 
conclusion we may repeat that the only active cholagogues are bile or bile 
salts.” Mellanby (1928a), Lueth and Kloster (1928), and Still (1930) 
found that intravenous injection of very pure secretin preparations aug- 
ment the flow of bile. On the other hand Takacs (1928) reported that 
secretin prepared by him had no effect on the rate of the bile flow. 

Mellanby (1928b) investigated the mechanism by which secretin aug- 
mented the flow of bile. He was attracted by the long latent period of 
the liver response as compared with the pancreas and carried out many 
experiments from which he concluded: 1, that secretin, per se, had no 
effect upon the liver, and 2, metabolites from the active pancreas were 
carried via the portal blood to the liver where they stimulated the liver 
to produce more bile. 

On numerous occasions we have observed that the continuous injection 
of sufficient purified secretin to maintain a fairly rapid pancreatic secre- 
tion was accompanied by a marked augmentation in the flow of bile. 
Should secretin be the agent causing the effect it seemed probable that 
during digestion sufficient secretin would be absorbed to cause a similar 
condition, and therefore secretin might have a more important réle in the 
physiology of the liver than has been heretofore supposed. 

In this paper we wish to present the results of our experiments which 
were planned to determine: 1, does secretin, per se, act as a cholagogue? 
and 2, by what mechanism do secretin preparations stimulate the liver? 

EXPERIMENTAL. The secretin used in our experiments has been, in 
the main, from a large single sample (no. 372) prepared by the method 
described by one of us (E. U. 8. 1930). It was vasodilatin free and of 
such activity that 1 mgm. or less caused a maximal response of the pan- 
creas. It contained no choleocystokinin and had no effect on the blood 
sugar of dogs. All results were confirmed by using our preparations 401 
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and 413, which represent our most potent products. This procedure was 
followed in order to economize as much as possible on our most potent 
products, which were available in rather small amounts. 

All comparative experiments have been done on the same dog (barbi- 
tal). Solutions to be compared were injected only after the secretory 
rate of the pancreas and liver had returned to the spontaneous rate of the 
animal. 

Effect of reagents on secretin. It has been observed that if unsterilized 
secretin solutions are permitted to stand at room temperature they rapidly 
lose activity. If they are heated with dilute acid or alkali, treated with 
proteolytic enzymes or heated for longer periods in the dry form the 
activity is destroyed. If one, by any of these means, destroys part of the 
pancreatic activity, an approximate reduction will be found on measuring 
the cholagogue activity. 


TABLE 1 


The pancreatic juice and bile collected following the intravenous injection of similar 
amounts of secretin activity in the form of crude or purified preparations 


NCREASE NC LATIC 
AMOUNT INJECTED INCREASE BILE RATIO, PJ/ BILE 


mgm. 
3 

.14 

16 


Potency of various preparations. Several secretin preparations were 
selected at different stages of purification and assayed for pancreatic 
activity. Then such quantity of each preparation was injected as to 
represent the same amount of pancreatic stimulant. Obviously such an 
experiment was performed on the same dog and the secretory rate of the 
pancreas and liver was basal before an injection was made. The data from 
one such experiment are found in table 1. 

The effects of the application of dilute HCI] to the duodenum and the 
intravenous injection of secretin on the quantity of pancreatic juice and 
bile secreted were studied and compared. Since repeated applications of 
acid to the duodenum give rapidly diminishing responses, the comparisons 
have not been as satisfactory as in other types of experiments. However, 
we can say that in a given dog, when the pancreatic stimulation by HCl 
or secretin are parallel, the increase in the bile secreted will also be approxi- 
mately parallel. 

The work of Takacs suggests that the cholagogue effect of secretin 
preparations is due to some substance other than secretin. We have not 
been able to confirm his findings. Although secretin and the hypothetical 
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cholagogue may exist, it does not seem reasonable that they would always 
appear in the same concentration together, nor should the same reagents 
destroy them at approximately the same rate. It is also very difficult to 


conceive of the two substances being absorbed from the intestine at the 
same rate. Our data, we feel, justify one to conclude that the cholagogue 
and secretagogue effect of secretin is caused by one and the same substance. 

Effect of secretin on the secretory pressure of the liver. It is a well known 
fact that the liver will secrete against a considerable pressure. If one 
clamps the cystic duct and connects the common bile duct to a bromoform 


manometer, the bile pressure will gradually rise to a maximum of 70 to 
140 mm. bromoform pressure. After a time, if the pressure is maintained, 
resorption will begin and the pressure will gradually become diminished. 
If one injects 0.5—2 grams of Na cholate or better Na dehydrocholate (rela- 
tively non-toxic) intravenously after the maximum spontaneous pressure 
has developed, a further increase of 10 to 30 mm. will be observed. The 
intravenous injection of 1 to 5 mgm. doses of secretin no. 372 caused the 
following effects: 1, it increased the rate of development of pressure. 
2, if injected after the maximum spontaneous pressure has developed it 
either increased the pressure by 5-15 mm. of CH Br; (observed in 3 ex- 
periments), or retarded the process of resorption (observed in 2 experi- 
ments). 

In connection with the foregoing experiments on the secretion of bile 
and the development of bile pressure we have used repeated doses of se- 
cretin no. 372. The intravenous injection of ten times as much Na cholate 
is without demonstrable effect. In our hands the greatest increase in the 
rate of bile flow from secretin stimulation has been from a basal rate of 
0.128 ec. per minute to 0.278 ce. per minute, an increase of 117 per cent. 
This increased rate was maintained for over two hours by injecting secre- 
tin at 20 minute intervals. The injection of the same amounts of Na 
cholate did not alter the spontaneous rate of bile flow. However, the 
intravenous injection of 0.5 gram of bile acids increased the rate from 0.09 
ec. per minute to 0.94 ce. per minute, an increase of over 1000 per cent, 
which effect lasted for over two hours. 

In small doses secretin is a greater stimulant to the liver than are similar 
amounts of bile salts. However, it is impossible by increasing the dose of 
secretin to cause the marked outpouring of bile observed after large doses 
of bile salts. 

Effect of secretin on the rate of bile flow in eviscerated animals. Mellanby 
(1928b) claims to have found that secretin no longer provokes a flow of 
bile after ligation of the pancreatic vein, and proposed the theory men- 
tioned previously. We have removed the entire pancreas from dogs and 
have found that they respond quite normally to the intravenous injection 
of secretin. Mellanby has removed a portion of the intestine and found 
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it to have no marked effect upon the response to secretin. We wished to 
make sure that metabolites from none of the abdominal viscera were in- 
volved and prepared eviscerated animals for the study. The entire 
intestine, pancreas and spleen were removed. All of the blood vessels to 
the stomach were ligated. In one of our experiments there was no spon- 
taneous flow of bile. The intravenous injection of 2 mgm. of secretin 
caused 11 drops of bile to flow and one-half hour later a similar injection 
caused 9 drops of bile to flow. One would not expect a normal reaction 
due to the trauma, shock and the loss of portal blood to the liver. 

In two successful experiments we have re-established a blood flow through 
the portal system. The portal vein was anastomosed with the inferior 
vena cava by means of a Crile cannula. In one experiment the spontaneous 
flow of bile after the anastomosis was 3 drop per minute, then 4 mgm. secre- 
tin were injected; the flow increased to almost 2 drops per minute at the 
end of 10 minutes and then slowed down. In 35 minutes there were 30 
drops of extra bile secreted due to the secretin. The other experiment 
was of the same general character and results. 

These experiments, we believe, are to be considered proof that the 
cholagogue activity of secretin is not due to metabolites arising in the 
abdominal viscera, but rather to a direct effect upon the liver. The effect 
upon the liver may be due to a direct stimulation of the hepatic cells or 
to local circulatory changes. In view of the fact that vasodilatin free 
secretin has been shown to have no local vasomotor effects on the kidney 
and pancreas, it did not seem probable that the liver would be so affected. 

The effect of secretin on the circulation of the liver. Dr. F. R. Griffith 
(1930) permitted us to use his liver plethysmographs for use with cats. 


We have used his technique in these experiments. The diaphragm of our 
tambour was made of condom rubber. Figures 1 and 2 show the tracings 
obtained from cats. We have injected peptone and adrenalin as well as 


secretin to show the effects upon the liver volume. In figure 2 the tambour 
was increased in sensitivity by extending the writing point connected 
through an extra lever, so that minor fluctuations in liver volume might 
be observed. The sample of secretin no. 413 is the best product we can 
make. It is vasodilatin free and 0.1 to 0.2 mgm. produces a copious secre- 
tion from the dog’s pancreas. Our injection of 10 mgm. of that product 
in the cat represents more than 200 secretory doses. Should the chola- 
gogue effect be obtained by virtue of circulatory changes in the liver, that 
dosage certainly should be sufficient to cause an observable effect on the 
liver volume. However, it will be noted (fig. 2) that no change in the 
liver volume was observed. 

We have conducted some experiments on dogs having chronic biliary 
fistulae. The common bile duct was ligated and cut, a gold cannula was 
sewed into the gall bladder and that organ stitched to the abdomen. The 
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Fig. 1. The effect of an intravenous injection of purified secretin on the secretion 
of pancreatic juice, of bile and on the volume of the liver. 


Blood Pressure 


Fig. 2. The effect of approximately 200 secretory doses of purified secretin on the 
volume of the liver. An extra sensitive tambour was used in this experiment. 


98 E. U. STILL, 2 
Liver 
or 
T T 
/ 
i Liver Volume i 
F& 
Chhorulots 
iM 
Secretin 
+ 
me 


PHYSIOLOGY OF SECRETIN 99 


cannula was brought out through a small incision about two inches lateral 
to the main incision. Table 2 shows the results of the administration of 
100 ce. of 0.35 per cent HCl by stomach tube and the intravenous injec- 
tion of secretin in such an unanesthetized dog, 18 hours after its last meal. 

It would seem from these observations that there is a compensatory 
diminution in the quantity of bile secreted after secretin stimulation. 
We have observed that the administration of secretin often does not aug- 
ment the flow of bile in fistula dogs, during the first few hours (6-12) after 
a meal. No doubt this is because sufficient secretin is being absorbed to 
produce the maximal secretion from that mechanism. It is possible that 
Takacs used recently fed animals, and, therefore, did not observe the 
cholagogue effect of secretin. We have maintained an increased secretion 


TABLE 2 
The effect of secretin and HCl on the rate of bile flow from chronic fistula dogs 


30 MIN- EXPERIMENT I EXPERIMENT II EXPERIMENT III 
UTE 

PERI- 
ops Injections Injections > Injections 


Control 

Control 

Control 

100 ce. of 0.35% 
HCl by stom- 
ach tube 


Control 

Control 

Secretin 5 mgm. 
| Control 

Secretin 5 mgm. 

Control 

Control 


Control 
Control 
Control 
Control 
Control 

| Control 
Secretin 
Secretin 

| Secretin 

10 Secretin 
11 Control 
12 Control 
13 | Control 
14 | Control 
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of bile over periods as long as 6 hours. This indicates that the response of 
the liver to secretin does not become fatigued easily. 

We have made many analyses of bile collected in these long experiments 
and have found that the “secretin bile’’ contains a lower concentration of 
bile acids than the spontaneously secreted bile. Our figures show that 
the total bile acids secreted per period are increased by secretin but not 
in proportion to the increase in volume. Therefore our data do not per- 
mit the statement of, but rather the suggestion, that secretin is a cholor- 
rhetic. 

In view of the fact that all measures which we have employed to inacti- 
vate the secretagogue activity of secretin also inactivates the cholagogue 
activity, it would seem very probable that the two activates are brought 
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about by the same agent. This view is supported by the observation 
that the two activities run parallel in all secretin preparations examined 
by us. Further support is to be found in the effect of the application of 
dilute hydrochloric acid to the duodenum as compared with the effect of 
intravenous injection of secretin, which comparison indicates that the 
acid provokes the flow of bile by increasing the absorption of secretin. 

Although we are aware that certain hormones seem to bring about phy- 
siological activities in a given organ, indirectly by affecting some other 
more remote tissue, we believe our experiments express valid evidence 
that secretin per se is the agent stimulating the flow of bile. We believe 
the augmentation of the flow of bile is due to a direct stimulation of the 
hepatic cells and not to local or general circulatory changes. We have 
used a most sensitive method and certainly have been able to detect no 
important changes in liver volume even after administration of over 200 
secretory doses of secretin. 


CONCLUSIONS 


1. The cholagogue action of secretin is not due to metabolites arising 
from the pancreas or other abdominal viscera. 

2. Secretin, per se, stimulates the hepatic cells resulting in an augmenta- 
tion in the flow of bile, which in acute and chronic experiments of 8 to 10 
hours in length, contain lower concentrations of the bile salts. 

3. Secretin does not cause circulatory changes in the liver as measured 
by the liver-volume method. 


The authors wish to express their thanks to Dr. F. R. Griffith for the 
use of his liver plethysmograph, and to Messrs. Scott, Fradkin and Bolonik 
for valuable assistance given us. 
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This paper is an examination of urea and creatinine clearance in dogs 
maintained upon a cracker-meal and fat diet poor in protein, in comparison 
with our previously recorded observations on dogs maintained upon a 
mixed diet rich in protein (Jolliffe and Smith, 1931). 

It is well known that the rate of excretion of all urinary constituents is 
affected by drugs, food, ete., when these are administered during or shortly 
before the period of observation. Because of this fact it is necessary to 
maintain certain standard conditions in experiments in which it is desired 
to compare renal function in various individuals or in the same individual 
at different times. Addis and Drury (1923) showed that mixed meals, 
milk, glutamic acid, ete., increased the rate of urea excretion in man in 
relation to the blood urea under conditions which were otherwise controlled 
and uniform. The increased renal activity was apparently attributable 


to protein, because glucose was without effect. Addis and Drury only 


reported experiments in which the meal or the administered substance 
was given during the period of observation; they did not look for more or 
less persistent effects of various maintenance diets. We had no reason 
to suspect and we were rather surprised to find, that dogs kept upon a 
protein-poor diet showed a marked decrease in renal activity in respect to 
the rate of excretion of both urea and creatinine, as compared with dogs 
kept upon mixed or protein-rich diets. 

Metuops. Except for the diet, the following experiments were per- 
formed in the same way as those previously reported by us. The cracker- 
meal diet consisted of 100 grams of cracker meal, 30 grams of lard and 
30 grams of cane sugar moistened with warm water and well mixed. After 
the first few days the dogs consumed all their food; there was never any 
gastro-intestinal disturbance and they held their weight well for one to 
two months. It is estimated that the protein content of this diet was 9.6 
grams per day. The mixed diet contained 55 to 110 grams, and the meat 
diet about 180 grams of protein per day. 

All experiments were performed 16 to 18 hours after the last meal. 
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Urea and creatinine clearance on cracker-meal diet. Table 1 contains a 
series of observations on one dog (no. 18) showing the effect of diet upon 
the urea and creatinine clearance. The first group of observations (expt. 
50) was made on the dog after it has been on a meat diet for two days. 
Urea and creatinine clearances were subsequently observed after five days 
of fasting (expt. 51); after 2 days on meat (expt. 52); after 6 days of fast- 
ing (expt. 53); after 9 days on cracker meal (expt. 54); after 2 days (addi- 
tional) on cracker meal (expt. 55); after 3 days on meat (expt. 56); after 
11 days additional on meat (expt. 57). The dog was then rested for eight 
weeks while feeding upon a mixed diet (expt. 70); expt. 76 was after 5 days 
on cracker meal and expt. 77 was after 2 days on meat. 

The urea clearance (considering only those values where the rate of 
urine flow was above 0.4 cc. per minute) began at an average of 61.7 on 
the meat diet and dropped to 28.9 during fasting; it rose to 60.9 again on 
meat and fell to 32.8 during the second fasting period; it remained prac- 
tically constant at 33 during the time that the dog was fed cracker meal 
but rose again during the first 3 days on meat, and it was still higher (70.8) 
after an additional 11 days on meat; it fell to an intermediate level during 
the feeding of a mixed diet (45), to a low level (35.2) on cracker meal and 
finally rose again (54.9) after 2 days on meat. 

It will be seen that the urea clearance may be increased more than 100 
per cent by changing from fasting to a pure meat diet, and that the feeding 
of maintenance quantities of cracker meal, fat and sugar do not increase 
the clearance significantly above the fasting level. These results are con- 
sonant with our observations on two other dogs, only one of which will 
be reported here (no. 20; see below under augmentation limit). It is obvious 
that if one wishes to compare the renal activity of various dogs, or of the 
same dog at various times, the diet must be carefully controlled. 

In one case urea was administered parenterally in order to raise the blood 
urea (expt. 55). The urea clearance was not changed (31.8) as compared 
with observations (expt. 54) made 2 days previously (32.5). This experi- 
ment is valuable in showing that the low clearance observed on the cracker- 
meal diet is not due to error in the analysis of the low blood ureas. 

It will be noted that the urea and creatinine clearances are affected in a 
parallel manner by diet. The urea: creatinine ratio in dogs maintained 
on a mixed diet (Jolliffe and Smith, 1931) averaged 0.533 +0.073, while 
this ratio when maintained on a cracker-meal diet averaged 0.515 +0.037, 
a lowering of the ratio of 0.018 +0.015 which is statistically not significant. 
This fact may indicate that the changes in renal activity which are induced 
by diet are primarily referable to changes in the quantity of glomerular 
filtrate per unit time rather than to changes in the quantity of these sub- 
stances secreted. If this interpretation is accepted, it would appear that 
nearly half of the filtered urea is normally reabsorbed. But we would 
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TABLE 1 
Effect of diet upon urea and creatinine clearance 
Dog 18, surface area = 0.77 square meter. 


UREA 

CLEAR- CREATININE 

ANCE CREATI- 

EXPERI-| NINE 
MENT | UV UV 

NUMBER A A 


UME 
Serum! Urine | 
Maxi- 


mum 


8 


Serum Urine 


mgm. | mgm. 
per per 
100 ce. | 100 cc 


cc. per 
minute 
8.030) 34.8 240) 71.§ 3-35-31 
5.480) 34. 317; 63.6 ‘ .692. Meat diet since 
2.930) 32.2 491! 58. 7} 648 3-2-3] 
0.740 28. 1,610 32.§ 610 


50 


.419) 27. 1,565) 31.! 3-93-31 
.506) 27.2 | 1,092) 26. 5,597; 64.¢ Fasting since 3-5-31 
.8 | 1,465) 24.! 5! 6 ,672 


. 249) 27.3 25.3 2.4 7,670 


042) 56.5 | 2,931) 70. 33.6 | 2,641 i j 3-11-31 
.703) 55.5 | 3,355) 55.2 .6 | 3,561 Meat diet since 
.543) 51.5 212) 37. 34. 4,065 83.: 3-9-31 


.181 5 | 2,967 3-16-31 
333 .2 | 5,362) 52.6 .527 Fasting since 
.567 35. 5,020 68. 3-11-31 
333) 25. 2! 30. 59.6 | 1,239 


.§29 ) 367) 25.§ 3.4 5,565 3-25-31 

663 386) 5.6 | 4,610 Cracker-meal diet 
2.270 ‘ i) 1,194, since 3-16-31 
3.600 3.4 


3.262 


81.8 | 2,292) 2% 2.32 Cracker meal diet 

. 162) 89.6 | 1,895) 31.§ 52. 2,12 since 3-16-31 
Urea admin. 


bo 


3-30-31 
6 ,420 : 562, Meat diet since 
5 ,369 638 3-27-31 
4,740 .§ 615 
5,561; 83. 616 
4,740 9 | 0.544 
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* Standard clearance = 69.6 
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UREA 
REATI- 
NINE DATE AND Ff {ARES 
|S 
mgm mom 
51 0 
0 
0 
$855.7 0.432 
52 1 
0 
0 
53 0 
0 
0 
2 
Mmm 10.8 95| 37.2 47.6 946 77.9 | 0.477 
55 0 
0 
1 
3 
3.50 | 86.8 637) 33.4 52.4 686, 59.6 0.561 
56 0.417; 32.1 ipo 37.8 48.9 
0.391) 30.3 ,258) 37.8 46.8 
0.434) 29 #420) 45 42.2 
0.400, 29 2,220) 39 38.3 
0.375 3,031) 51. 32.6 
0.317 3,210) 52 20.3 
NO. | 
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TABLE 1—Concluded 


UREA 
CLEAR- CREATININE 
Vv ANCE CREATI- | 
URINE NINE | cREATI- 
MENT 
VOL- NINF 
NUMBER A fl 
Serum | Urine 
Maxi- 


mum 


DATE AND REMARKS 


Serum | Urine 


mgm, | mgm mgm. mgm 
per | per per per 
100 ce. | 100 cc 100 cc. | 100 ce 


2) 43.0 | 3,435) 66.5 | 39.9 | 5,215 ' 4-7-31 
41.7 | 3,390) 75. 32.3 | 4,480 a : Meat diet since 
38.8} 955| 74.5 | 29.9 1,247 3-27-31 

| 36.8 | 263) 71. 29.9; 352 
38.6 | 193) 68. 26.1} 224 


cc. per 
minute 


472 | 5-29-31 
261) .§ Mixed diet since 


2 
1 

257] 48. 4-7-31 
1 ; 

1 

5 


| 37. 


491) 


988) 


0.466 6-8-31 
| 0.517) Cracker diet since 
| 0.497 6§-2-31 
0.559 


6-10-31 
Meat diet since 
6-8-31 


.599 6-15-31 
5 | 0.513. Meat diet since 
33.6 56 6-8-31 
33.1 | 2,062) 81. .672 


call attention again to the fact that this apparent reabsorption of urea 
shows no correlation with the urea concentration of the urine, as one would 
expect if the reabsorption were due to passive diffusion from the highly con- 
centrated tubular urine or from the bladder. In fact, the fraction of 
apparent reabsorption may be the same whether the urine urea is 200 or 
3000 mgm. per cent (expt. 57). 

We recognize that the administration of creatinine may influence the 
excretion of urea, but do not believe that such is the case. No difference 
was observed in the urea clearance with and without creatinine in one dog 
previously reported (Jolliffe and Smith, 1931), and we have further obser- 
vations on this point which will be described at another time. 
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2.33 
7.66 
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0.238) 31 
| | | 
76 | 1.345) 20.0 | 358 31.3 | 24.5 943) 67.2 
0.404) 20.8 | 1,465] 36.9 | 25.2 | 3,430) 71.4 
0.310; 21.7 | 1,924) 34.7 | 25.6 | 4,242) 67.8 
0.409) 23.6 | 1,665) 37.4 | 25.6 | 3,228) 66.9 
77 | 1.656) 35.6 | 826 50.0 | 44.5 1,870) 90.2 
0.684| 36.8 | 2,430) 58.7 | 40.7 | 4,200) 91.8 | 
3.755) 35.6 | 386) 52.8 | 36.6 | 672) 89.6 
2.725] 32.9 | 496) 53.3 | 32.6 838) 90.9 
78 | 3.620) 41.2) 448) 51.3 
5.260| 41.1 | 316) 52.6 
4.760, 41.5 | 348) 51.3 
1.000, 39.9 | 1,250) 54.3 
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TABLE 2 


Effect of diet upon the urea clearance at lou 


Dog 22, surface area = 0.73 square meter. 


UREA UREA CLEARANCE 
EXPERIMENT 
URINI \ 


NUMBEE uy 
VOLUME S.A S.A 
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mgm. per 
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Augmentation limit on cracker-meal diet. Austin, Stillman and Van 
Slyke (1922) have shown in man that when the urine volume falls below a 
certain value (augmentation limit) the rate of excretion of urea is propor- 
tional to the square root of the volume of urine. This relationship appears 
to hold true in the dog when maintained upon a mixed diet (Jolliffe and 
Smith, 1931). It is therefore of both practical and theoretical importance 
to determine if an augmentation limit exists in dogs fed upon cracker-meal. 

In nearly all the observations on dog 18 (table 1) the urine volume 
exceeded 0.4 cc. per minute, which was the augmentation limit noted by 
us on dogs fed on a mixed diet. We have therefore included in table 2 
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Fig. 1. The urea clearance in relation to urine volume in dogs fed a cracker meal 
diet (solid lines) in comparison with dogs fed a mixed diet (broken lines) previously 
reported (Jolliffe and Smith, 1931). The solid curved line is calculated according to 
UVV 

S 
augmentation limit, through which the solid perpendicular line is drawn. The cir- 
cles are observations on dog 22; the dots are observations on dog 18. 
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a series of observations on another dog (no. 22) in which the urine was both 
below and above the augmentation limit. The urea clearances from dog 
22, and also from dog 18, are given graphically in figure 1. It will be seen 
that when the urine volume falls below 0.2 ec. per minute (as shown by our 
subsequent calculations) the excretion of urea falls rapidly with decreasing 
urine volume. Our data are insufficient to establish whether or not U\/V/S 
exactly defines the urea excretion below this augmentation limit, but they 
leave no doubt that an augmentation limit exists on a cracker-meal diet 
as well as on a mixed diet. The curves in figure 1 are calculated as follows: 
the maximal clearance is taken as the average of all observations above 0.4 


ce. | 
of ¢ 
first 
It 
ma 
for 
the 
in 
Bo 
ob: 
| 
cre 
| 45 
crs 
th 
fer 
an 
in 
to 
ul 
OI 
Jc 
A 
A 


UREA AND CREATININE CLEARANCE IN DOG 107 


ec. per minute urine volume; the standard clearance is taken as the average 
of all observations below 0.1 ec. per minute urine volume (omitting the 
first two observations in expt. 64). 

From these data, we obtain from a cracker meal diet, 


U > 
Standard clearance, V/S.A. 


UV 
Maximal clearance, = S.A. = 33.6 +3.1 


Augmentation limit = 0.22 ce. 


It appears that the augmentation limit decreases in proportion to the 
maximal clearance. 

The number of observations reported here are less than were reported 
for a mixed diet; nevertheless it appears that the standard deviation in 
the maximal clearance is significantly less on the cracker-meal diet (3.1 
in 23 observations) than on the mixed diet (-+ 11.9 in 66 observations). 
Both groups fulfill statistical requirements in that about two-thirds of all 
observations fall within the standard deviation. So it would appear that, 
not only a lower clearance, but a more uniform clearance is obtained'on a 
cracker-meal diet than on a mixed diet. This is further illustrated by the 
fact that dog 22 shows a maximum clearance about 66 and dog 18 about 
45 on a mixed diet, while they both drop to an average of 33.6 +3.1 on 
cracker-meal. 


SUMMARY 


The urea and creatinine clearances, as determined 16 to 18 hours after 
the last meal, are reduced to low levels in dogs which are either fasted or 
fed upon a protein-poor diet composed of cracker meal, lard and sugar. 
The substitution of a mixed diet produces a marked elevation of the urea 
and creatinine clearances, and the substitution of an exclusive meat diet 
increases both clearances more than 100 percent. This effect is not related 
to the absolute amount of urea excreted. The urea clearance shows more 
uniformity on a low protein cracker-meal diet than on a mixed diet. 

The augmentation limit appears to be lower on a cracker-meal than 
on a mixed diet in proportion to the lowering of the maximal clearance. 
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In 1883 Wedenski showed that stimuli sufficing to produce contraction 
of a muscle, indirectly stimulated through its nerve, may fail when they 
are repeated at certain relatively rapid rates. Proposed explanations of 
this phenomenon have failed to carry conviction until Kato and collabora- 
tors in 1929 ascribed it to an ‘“‘after-effect”’, a brief period of lowered irrita- 
bility, left by an ineffective nerve impulse or by an artificial stimulus of 
less than threshold value. In confirmation of Gildemeister (1908), the 


Japanese investigators found that, following a subthreshold induction 
shock, the local irritability of nerve at first is raised momentarily (they were 


dealing here with the “summation interval” of previous investigators) and 
then lowered. Though the values they give, namely, 1 to 2 ¢ and 10c, 
for the periods of enhanced and depressed irritability, respectively, are 
somewhat larger than those previously found by Gildemeister, 0.4 and 30, 
there is every reason for believing that both investigations deal with the 
same phenomenon. Gildemeister ascribed the irritability changes to an 
‘inertia effect”’ initiated by but outlasting the shock. Levinsohn (1910) 
observed the same reduction in irritability in muscle directly stimulated 
and, without specifying any reason for so doing, refers to it as the relative 
refractory phase. 

The present investigation, in its inception a study of the Gildemeister 
phenomenon, was undertaken in the hope of obtaining information relative 
to the nature of the mechanism underlying it. It proved a simple matter to 
verify Gildemeister’s observations. Then evidence was obtained indicat- 
ing that the phase of depressed irritability is a state of postcathodal depres- 
sion left by the subthreshold induction shock, and the investigation, 
therefore, was extended to include, in addition to effects produced by sub- 
threshold induction shocks, a consideration of certain comparable effects 


' The results on which this paper is based were presented at the meeting of the 
American Physiological Society, April 10, 1931 (This Journal, 1931, xevii, 519). 
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incidental to the action of subthreshold constant and other currents 
Evidence was thus obtained that was confirmatory of the conclusions 
derived through observations on induction shock activation, and along with 
this, considerable information that is not directly related to the original 
problem. Therefore, most of the results derived through the use of the 
constant current for activation can best be considered separately and will 
be included in another paper. 

METHODS IN GENERAL. The index to the response of nerve in studies 
of this character almost invariably has been the height of contraction of 
muscle indirectly stimulated. The measure used in the present investiga- 
tion has been the electrical response of the nerve itself, visualized, after 
amplification, by the cathode ray oscillograph. Among the advantages 
possessed by this method may be mentioned 1, the immediate presentation 
of deflections to the eye; 2, its high precision, and 3, the unfatiguability of 
the observed response at the rates of stimulation employed. 1. During all 
of the manipulations, preliminary and final, one sees on the screen of the 
oscillograph not only the action potential itself, but also, qualitatively, 
the time relations it bears to the applied electrical stimuli and polar- 
izing currents, recognizable by their electrical artifacts. It thus be- 
comes a simple matter to regulate stimulation strength and adjust time 
intervals. When the desired adjustments, thus controlled, have been 
made dots may be placed on the sereen to mark, for example, the beginning 
and end of a constant current, of a testing induction shock, the front, 
crest and end of an action potential, and what not. Required measure- 
ments can then be made at once on the tube, or the points may be trans- 
ferred to cellophane for preservation and subsequent measurement, or a 
contact print can be made on film of the picture presented by the screen of 
the tube. 2. When the conditions are favorable, measurements can be 
made with a fair degree of accuracy of time intervals as short as 0.01c. 
Furthermore, since maximum action potentials can, if necessary, be given 
an effective amplitude of over two meters, threshold values can be de- 
termined with the greatest of precision; and the height produced by 
experimental variation in the number of contributing axon potentials or 
by other causes, usually can be given a range that reduces to a very low 
value the experimental error of measurement. 3. In most of the experi- 
ments the nerve was stimulated practically continuously, sometimes for 
hours, at the rate of about once a second. It was thus maintained in a 
steady state of activity for the quantitative observations that could be 
made only occasionally after the desired conditions had been supplied. 

The nerve studied has been the sciatie of Rana pipiens. The stimulat- 
ing electrodes always were nonpolarizable and were either of the Lapicque 
or calomel (Erlanger, Bishop and Gasser, 1926) types. The lead electrodes 
were either large silver wires or calomel half cells. The nerve was mounted 
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in a moist chamber that could be kept at a constant temperature; except 
where otherwise stated it was at the temperature of the room which ranged 
in one series of experiments (summer) between 26 and 28°C., in another 
(winter) between 18 and 24°C. During the latter period the chamber in 
many of the experiments was held at about the temperature of the water 
of the aquarium in which the frogs lived, namely, 10 to 14°C. 

Except where otherwise stated the first or sensitizing shock, condenser 
discharge, or constant current was below the threshold, usually by a known 
percentage. The irritability of the nerve was always determined by the 
test shock, a break induction shock with cathode proximal with respect to 
the lead. For the sake of brevity such a shock will be called a cathodal 
shock. ‘To test irritability one of several methods was used. Quantitative 
data may be obtained by varying a known primary current so as to keep 
the action potential at a chosen constant height. Heretofore the height 
usually chosen in such experiments has been threshold, and we have made 
some determinations by this threshold method. It has been found, how- 
ever, that the method can be made much more precise by using a stimulus 
that lies in the range where variations in strength effect the widest changes 
in action potential amplitude, namely, in the low submaximal region. This 
we shall designate the constant height method. In practise a line parallel 
to the base line is drawn on the face of the tube at the selected height and 
the primary current needed to put the crest of the action potential in that 
line is determined. With changing shock spacings the action potential 
moves, of course, into different positions along this line. Quantitative 
data expressing the relation of stimulus strength to magnitude of response, 
threshold or constant height, also can be obtained simply by referring 
readings of coil separation to a chart we have made, in effect, by plotting 
coil separation of the testing inductorium against height of the induction 
shocks directly recorded with the cathode ray oscillograph. 

When the irritability range in an experiment does not exceed the limits 
subtended by threshold and maximum the amplitude of the action poten- 
tial produced by a shock of constant strength varies, though not exactly 
proportionally, with the irritability of the nerve. Though curves based 
on data thus obtained are not superimposable on those made by the 
preceding methods all, nevertheless, have the same general form and agree 
exactly as regards temporal positions of phase changes. This method of 
gauging irritability by amplitude of response has certain very decided 
advantages, of which may be mentioned speed and ready verifiability. 
The amplitude-time curves can be traced on the face of the tube by placing 
a dot on the crest of the action potential in as many positions as may be 
necessary. The curve thus outlined can be verified over and over again 
by carrying the action potential backwards and forwards through the 
time range as often as may be necessary to attain the desired accuracy. 
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When dealing with alterations in irritability of small magnitude, such as 
obtain during the negative phase of the Gildemeister phenomenon, the 
nerve currents usually were amplified about 100,000 times (four-panel 
amplification). At this amplification a maximum action potential would 
have a height of more than two meters were it possible to record it; but for 
these purposes the test shock was given a strength that would produce a 
“normal” action potential about 2 to 3 em. high. With three-panel 
amplification, giving maximum action potentials 8 to 10 em. high, these 
threshold action potentials produce imperceptible deflections. Though 
the smaller irritability changes are more readily measured by the amplifica- 
tion given by four panels, they, nevertheless, are demonstrable also when 
amplified by three panels (about 8000 times). 

Since even slight variations in shock strength and form affect very 
materially the height of a threshold action potential that is amplified 100,000 
times, it was necessary to have for these experiments uniform induction 
shocks. To attain them, we have, besides resorting to devices that mini- 
mize sparking, such as the use of relatively high primary resistances and, 
when necessary, a shunt around the primary key, tried quite a variety of 
switches. Our best switch consists of a straight, light, but stiff, ivory 
spring tipped with very light steel to prevent frictional wear. A platinum 
point on the ivory spring is pressed by the cam of our rotating interrupter 
against another point firmly held above it in a screw, by means of which 
the contact pressure is adjustable. For each special purpose it was neces- 
sary to modify the circuit used; those that require description will be 
considered each in its proper place. 

IRRITABILITY CHANGES INITIATED BY A SUBTHRESHOLD INDUCTION SHOCK. 
The investigation was begun by repeating the Gildemeister experiment of 
testing with a submaximal shock of constant strength the changes in 
irritability incident to a subthreshold shock. The type of circuit used for 
the purpose is shown in figure 1. The resulting irritability changes (see 
figs. 2, 3, 4, and 6) may for convenience of treatment be divided into the 
positive phase, or summation interval, and the negative phase, or Gilde- 
meister phenomenon proper. 

The summation interval: The maximum response to the testing shock is 
coincident with the beginning of the sensitizing shock. From this peak 
the curve falls off rapidly but with a slightly retarding rate as the testing 
shock is moved later, the summation interval ending under normal cireum- 
stances without any obvious discontinuity at the point, by definition, where 
the negative phase begins. The duration of the summation interval has 
ranged between about 0.2 and 1.7¢, the variations usually being referable 
to specifically imposed conditions, such, for example, as shock duration 
and strength, temperature and polarization. It is necessary to say, how- 
ever, that occasionally verifiable durations have been found that have been 
out of accord with the rule; we are unable to account for these exceptions. 
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Does shock duration determine the summation interval? A faetor that 
might be expected to exert an influence on the duration of the summation 
interval is the duration of the sensitizing shock. Indeed, it was very neces- 
sary to ascertain at the outset whether shock duration does not actually 
account entirely for the summation interval. Previous investigators 
have discarded this possibility on the basis either of the assumed brevity 
of the shocks they used (e.g., Gildemeister, 1908) or (and) of the differences 
in the summation intervals of different tissues activated by what they 
regarded as the same shock (e.g., Lucas, 1910). But coils, such as they 
used, so built as to yield brief shocks, can under circumstances deliver 
shocks long enough quite to extend through the summation interval of 
nerve, certainly, and possibly even of voluntary and heart muscle. Second- 


Fig. 1. Arrangements for recording the conducted action potential started by a 
cathodal testing shock (from S.) after sensitization by either a cathodal or an anodal 
shock from S,;. V, nerve; L,, ground lead; Lz, grid lead into amplifier from killed end. 


ary resistance, for example, affects shock duration very decidedly and 
the lower interelectrode resistances that must have obtained where muscle 
took the place of nerve undoubtedly must have prolonged very materially 
the shocks which otherwise would have been alike. It will be shown that 
these differences can be sufficient to have produced the summation intervals 
of nerve and muscle that have been recorded by previous workers. Gilde- 
meister believes that the possibility of physical superposition of currents, 
sensitizing and testing, was controlled in his experiments by the use as 
sensitizing current of a condenser discharge of such a duration that the 
deflections of a ballistic galvanometer in the place of the nerve did not 
change in amplitude with the alteration in the interval between shocks. But 
condenser discharges, like some induction shocks, end asymptotically, 
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that is to say, at an indeterminate time; and a very small terminal fraction 
of the total energy of the discharge, one so small as to be without appreci- 
able effect on the throw of a galvanometer, could nevertheless very ma- 
terially affect the irritability of nerve. Therefore, it still remains to be 
shown that summation interval and shock duration are not coterminal. 

Summation of shocks from inductoria may be obtained by joining the 
secondary coils either in series, or as has generally been done, and as we 
have done, in parallel. In the case of the series arrangement, as used by 
Kato and others, one would expect to obtain summation of potentials 
as long as the shocks overlap, though we have not ascertained what actually 
happens under these circumstances. But coils in parallel might be ex- 
pected to behave as do cells in parallel, and not sum their potentials. As a 
matter of fact they do. Direct Braun tube records of induction shocks 
from the coils arranged as we have used them (see fig. 1) show that the 
shocks sum practically perfectly and without other alteration in form. 
Furthermore, depending primarily upon the secondary resistance, the 
presence or absence of an iron core, or of a shunt in the primary circuit, the 
shock may have a variety of configurations and durations. Pending 
separate publication of observations on coil behavior, it must suffice here 
to call attention to certain type variations. The natural oscillation period 
of our secondary circuit is such that a half cycle lasts about 0.03 to 0.04¢. 
The air-cored coil with the usual secondary resistance of 10,000 to 30,000w 
delivers but a single phase of an oscillation. Higher secondary resist- 
ances increase the number of oscillations and their symmetry around zero, 
complete damping requiring about 0.40 when the secondary resistance is 
infinite. Insertion of the iron core and of a shunt around the primary 
terminals both prolong the secondary process and damp the oscillations 
which now distribute themselves along the decrementing secondary 
potential. With the secondary resistances usually obtaining in our experi- 
ments the iron-cored coil with a 40w shunt around the primary terminals, de- 
livered a shock lasting 0.2 to 0.60; and with the lowest secondary resistance 
tried (230w) the shock lasted 8¢. In the experiments of this section one 
of the secondary coils is shunted by the other and, since the resistance of 
the secondary coil is 230w, one might expect the shocks to be relatively 
long in duration when one only of the pair of coils is activated. As a 
matter of fact the parallel coil acts, presumably through its impedance, 
practically as an infinite resistance with respect to the coil it parallels and 
does not prolong shocks from the latter. 

Under the circumstances, it obviously still remains to be ascertained 
experimentally whether the increase in irritability produced by a sub- 
threshold shock from a ‘“‘quick’’ coil outlasts the applied potential. The 
evidence that we have accumulated all indicates that it can. The shortest 


shocks we use last, say, 0.04¢, and these may give rise to summation inter- 
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vals lasting almost 2c. It is scarcely conceivable that these shocks are 
prolonged beyond their measurable span by an undetectable asymptotic 
termination lasting through such a summation interval. 

All ambiguity with respect to this question has been removed by an 
experiment in which the sensitizing coil was short-circuited in the interval 
between the termination of its shock and the end of the summation interval. 
For this experiment the usual circuit was changed by inserting a short- 
circuiting switch across the terminals of the sensitizing coil and a resistance 
of 100,000w between this and the testing coil in order to reduce to an unde- 
tectable value the effect of the short circuit on the testing shock. The 
short circuit was closed 0.200 after the break of the sensitizing coil. The 
summation interval of 0.67¢ (18°C.) was unaffected by the procedure. 

There are a number of other observations that are inconsistent with the 
view that the duration of the summation interval is determined primarily 
by the summation of shock potentials. For example, one cannot, on such 
a basis, account for the variations in the summation interval that accom- 
pany variation, 1, in duration, 2, in strength of sensitizing shock, or 3, 
in temperature of the preparation, or 4, polarization. 

Does shock duration affect the summation interval? Shocks adequately 
brief and different in duration to supply the information needed to answer 
this question were obtained in one set of experiments merely by using at 
one time the air-cored, at another, the iron-cored coil. They were given 
the same physiological value as stimuli by reducing the primary current a 
given per cent below its threshold strength in each case, on the basis of the 
principle that the physiological action of shocks is proportional to their 
energy content. This, however, cannot be quite true when the shocks, 
as is the case here, differin configuration. It is realized, furthermore, that 
the proportionality of energy content of shock to the primary current holds 
perfectly in the case of the air-cored coil only. The data from two of the 
experiments, which can be regarded as typical, are as follows: duration 
of summation interval, a, core in, 0.46c, core out, 0.620; b, core in and out 
0.78c. Inb the shock delivered by the iron-cored coil under the conditions 
of the experiment lasted 0.560; the shock from the air-cored coil under the 
same circumstances never has lasted over 0.lo. In another experiment 
determinations were made of the irritability changes resulting from sensiti- 
zation by an induction shock from an air-cored coil lasting 0.040 and by a 
condenser discharge (others to be considered later) lasting 0.33 to 0.50¢ 
(Braun tube measurements), both 80 per cent of threshold (12.8°C.). As 
may be seen in figure 2 the two irritability curves derived from the data 
of the experiment are identical. 

The results obtained with these currents, which were brief relative to 
the summation interval, therefore, definitely indicate that varying the 
duration of relatively short sensitizing shocks of the same strength physio- 
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logically, is without effect on the duration of the summation interval. 
However, the agreement between experiments performed under apparently 
comparable conditions is by no means perfect. Possibly this variability, 
in part at least, is an expression of the uncertainties inherent in the princi- 
ple employed in maintaining shock strength at comparable levels. 

It is to be expected when sensitizing currents of comparable strengths 
are made long relative to the summation interval, that summation of 
potentials itself will prolong the period of increased irritability. The con- 
figuration of the irritability curves under these circumstances has been 
worked out in one experiment (fig. 2). The sensitizing currents (always 
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Fig. 2. (3/5/31) Irritability response initiated by a shock and by condenser dis- 
charges of different durations. 12.8°C. 

Dots = Curve from shock lasting 0.04¢ and from condenser discharge lasting 0.33 
to 0.500 (a on base line). 

Crosses = Curve from condenser discharge lasting 1.40 to 2.3le (b). 

Circles = Curve from condenser discharge lasting 17.54 to 21.94e (c). 

Ordinates, amplitude of action potential; abscissae, time in sigmas. 


80 per cent of threshold) were, in addition to the 0.040 induction shock and 
the condenser discharge lasting 0.33 to 0.500, condenser discharges lasting, 
one, 1.40 to 2.31, and another 17.54 to 21.940, the figures given being the 
range of the limit of accuracy of measurement of the pictures of the dis- 
charges on the Braun tube. The period of increased irritability produced 
by the 1.40 to 2.3le¢ discharge outlasts the latter between 1.39 and 2.30o, 
as nearly as can be determined; the discharge proper, therefore, is followed 
by a true summation interval of about the same duration as that produced 
by the briefer currents. The curve of irritability change produced by the 
slowest condenser discharge falls below the normal level apparently before 
the condenser potential reaches zero; seemingly in this case there is no 
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summation interval properly so-called. It is difficult, however, to exactly 
locate the end point of this slow discharge and we do not care to stress this 
relation, resting, as it does, on but a single reading and one that it is 
difficult to make with precision. 

2. Effect of shock strength. The usual effect of increasing the strength of 
an induction shock is to increase the duration of the summation interval: 
this is seen in figure 3, where the summation interval is increased from 
about 0.250, when the strength of the sensitizing shock is 53 per cent of 
threshold, to 0.35¢ at 76 per cent of threshold and to 0.530 at 97 per cent 
of threshold (26°C.). Apparently the summation interval increases in 
duration more rapidly than the strength of the activating shock, but to 
ascertain the exact relationship between shock strength and summation 
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Fig. 3. (2/24/30) Irritability responses to cathodal sensitizing shocks; testing 
shock slightly superthreshold. 26.0°C. 

Circles = Sensitizing shock 53 per cent of threshold. 

Dots = Sensitizing shock 79 per cent of threshold. 

Crosses = Sensitizing shock 97 per cent of the threshold. 

Ordinates, per cent of normal amplitude. RF indicates end of relatively refactory 
phase. 


interval would require observations on cold nerve so as to provide a wider 
time range than obtained in the instance cited, and this has not yet been 
done. Since increasing the strength of the shock from an air-cored coil 
does not increase shock duration, this relation of shock strength to the 
summation interval supports the conclusion that the duration of the 
summation interval is independent of the duration of shocks when the 
latter are relatively brief. It also indicates that the initial local state 
produced by these subthreshold shocks does not obey the all-or-none 
principle. 

3. Effect of temperature. The behavior of the summation interval in 
response to alterations in the temperature of the nerve also proves that 
the duration of the summation interval is determined by some process 
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initiated in the nerve by the shock; for temperature alters very materialls 
duration of summation interval but only slightly duration of shock. It 
changes shock duration through the change in secondary resistance result- 
ing from the alteration in the electrical conductivity of nerve by tempera- 
ture. A 10° fall in temperature, for example, increases the nerve’s resist- 
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ance about 20 per cent. If the nerve’s resistance at the higher temperature 
were 10,000w and all other secondary resistance 20,000w, the total secondary 
resistance would be increased by the temperature change from 30,000w to 
32,000, a change that would alter the duration of the shock inappreciably. 

Some of our data on the effect of temperature on the changes in irrita- 
bility of nerve responding to a subthreshold shock are collected in table 1. 


REFRACTO 
PHAS 
pe nt Q a 
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2 17.0 2.23 7.95 6.55 
3 10.5 16.02 +100.0 
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1.81 
2 17.0 0.98 , 
3 10.0-75 1.24 1 | 17.09 47.74 
4 25.0 ti 3.26 2 63 
6 25/30 1 27.7 0.89 _ 25 5.89 5.09 
2 17.5 1.24 14 9.47 5. 83(? 
3 17.0 80 1.62 50 9 10 5 96/7) 
4 10.0 1.48 40) 25.00 24.85 
5 10.5 17 71 16.78 33.49 
6 96.8 0.75 ? 35 4.75 2.75 
6/27/30 1 27.7 0.91 161 
2 17.5 1.46 
6/30/30 | 28.0 0.95 1.31(?) 2.55 2.15 
2 17.7 1.41 1.00 2.91(?) 6.12 5.15 
3 11.0 75 1.40 2.69(?) 16.48 26 .67(?) 
1.44 
4 28.0 0.6 
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2 16.6 1.16 si 3 8 72 9.47 
3 17.4 ? 0.89 1.02 1.62 7.48 7.74 
4 9-10 1.02 1 35 3.01 21.11 40.75 
5 | 26.0 0.62 mi 0.95 | 4.17 4.78 
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Practically all of the experiments were started at room temperature and 
the temperature, therefore, first was lowered. Had the observations been 
limited to this first temperature span the interpretation of the data would 
have been simple; it would have been concluded that Qo ranges between 
about 2 and 1.4, the higher figures being relatively infrequent. Other 
determinations, however, range from 1 or less to 3.6, a variation that is 
far beyond the range of error. These variations are not the result of 
failure to allow sufficient time for adaptation of the nerve to the new 
temperature, a half hour, at least, having been allowed to elapse between 
temperature changes. It is possible, on the other hand (Broemser, 1921), 
that these irregularities bear some relation to time of exposure of the 
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Fig. 4. (2/25/31) Irritability changes initiated by the same shocks from an air- 
cored coil, 89 per cent of threshold in both cases. 13.5°C. 

Dots = In normal nerve. 

Crosses = At the cathode of a nerve polarized with a constant current, 90 per cent 
of rheobase. 

Ordinates, amplitude of action potential in millimeters. The heavy line marks 
normal height. 


nerve to the several temperatures. The mean Qio of all determinations 
(17) is 1.56, a value that approximates closely the temperature coefficient 
of conduction velocity in the same temperature range (Gasser, 1931). 
The coefficients based on the lower ranges of temperature do not seem to 
be any larger than those based on higher temperatures. In this respect the 
summation interval apparently differs from other manifestations of nerve 
response, namely, action potential, absolutely and relatively refractory 
phases and conduction rate. Keith Lucas (1910) states that the Qio of 
the summation interval of muscle is 1.3. 

4. Effect of polarization. The summation interval that develops in 
response to a submaximal induction shock is materially longer when the 
shock is delivered, after the initial transient in irritability, at the cathode 
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of a constant current of less than rheobasic voltage than the summation 
interval produced by the same shock at the same relative strength with 
respect to threshold delivered to the same nerve when unpolarized. Figure 
4isacasein point. Here the summation interval developing in the normal 
nerve lasted 0.75c, in the nerve, when polarized, 1.35¢ (13.45°C.). 

The electrical artifact and the summation interval. The evidence derived 
through the use of shocks of measured duration and strength, and through 
modification of the nerve by temperature and polarization all indicates 
that the summation interval outlasts, and is not primarily determined by 
the duration of, the sensitizing shock provided the latter be sufficiently 
brief. But the electrical equilibrium in nerve as measured by the electrical 
artifact or escape is disturbed by a shock through a period that usually 
outlasts considerably the shock duration. The factors that enter into the 


N 


Fig. 5. (1/10/31) Balanced circuit for diphasic lead from the stimulating cathode. 
N, nerve; L;, ground lead; Ls, grid lead. 


make-up of the escape (Bishop, Erlanger and Gasser, 1926; Bishop, 1929) 
need not concern us here, but only the question of a possible relation be- 
tween escape duration and summation interval. That there is no relation 
is easily demonstrable; for it is possible to give the escape almost any 
duration by varying the balance in the circuit with respect to the ground, 
without effecting the duration of the summation interval in the least. By 
adjusting this balance one can make escape and summation interval 
coterminal. Then it can be shown that this relation is entirely fortuitous 
by changing the temperature of the nerve; this affects the escape almost 
imperceptibly, whereas the summation interval changes in accordance with 
its Qio of about 1.6. 

As there actually is a summation interval outlasting the applied potential 
the question arises, has the summation interval an electrical sign? The sign 
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that one would expect to find, if there were one, would be a transient 
unpropagated potential developing at the site of stimulation and lasting as 
long as the summation interval. To put the question to the test the circuit 
shown in figure 5 was used. By the method of balancing previously used 
in this laboratory (Bishop, Erlanger and Gasser, 1926) the shock escape 
was reduced to a minimum and a record was made of the potential develop- 
ing in the nerve at the point stimulated. Both of the leads into the 
oscillograph were from intact nerve so that potentials propagated in the 
manner of action potentials would record diphasically, unpropagated po- 
tentials, monophasically. In a perfectly satisfactory experiment with 
four-panel amplification no local potential was found that was as long as 
the summation interval until a diphasic effect appeared, and this had the 
characteristies of, and, undoubtedly was, the action potential. We have 
not found it possible, therefore, to correlate any electrical phenomenon in 
nerve with the summation interval. 

Relativity of sensitizing and testing shocks. The sensitizing shock is 
below the threshold of all of the fibers, whereas the testing shock, since it is 
submaximal, is below threshold of some, the less irritable, of the fibers. 
The submaximal shock, therefore, should sensitize the fibers not responding 
to it. That it does was disclosed when inadvertently the testing shock 
was carried into the sensitizing shock from before. As the former ap- 
proached the latter the action potential increased in height when the interval 
became less than the summation interval. Analysis of the records showed 
that then the action potential actually became double, consisting of a small 
action potential determined by the “testing” shock and a higher action 
potential later than the latter by an interval equal to the interval between 
the two shocks, and undoubtedly the result of stimulation of fibers sensi- 
tized by the ‘‘testing’”’ shock. 

The configuration of the summation curve throws little, if any, light on 
the nature of the processes that enhance the irritability. As has been 
pointed out, the summation interval unquestionably is made up of two 
parts, namely, the period during which the shock potentials overlap, and 
the succeeding period when they do not; there is no obvious discontinuity 
on the irritability curves at the point where the shock potential terminates. 

The phase of depression: The transition. The summation interval has 
passed into the phase of depression, as we shall designate the period of 
depressed irritability, without any obvious discontinuity, excepting one 
experiment. In this case, figure 4, the summation was protracted by 
-»athodal polarization and lasted 1.35¢ (13.5°C.)._ The figure shows clearly 
a discontinuity between the summation and depression phases. The fact 
that this feature is seen in a protracted curve suggests the possibility that 
it is constantly present, but masked by the speed of the fall in irritability; 
but the number of experiments done under these conditions is too small to 
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justify any such generalization. The discontinuity is not seen when the 
process is prolonged by cold. 

Configuration and duration of the phase of depression. The depression 
reaches its maximum relatively rapidly and recovery then takes place 
more slowly, irritability approaching normal asymptotically. The falling 
and rising phases are affected by strength of shock and by temperature 
The depth of this negative phase, however, varies very decidedly from 
nerve to nerve under conditions to all appearances comparable. cca- 
sionally it is so poorly developed that it can scarcely be detected. 

Increasing the strength of shock increases the depth of the curve, moves 
the trough slightly later and seems to prolong recovery (see figs. 3 and 6). 
The point where recovery is complete, the termination of the asymptotic 
return to the normal level, is difficult to locate precisely; and anything 


oo 


140 
1204 


Fig. 6. (2/12/30) Irritability responses, 26.0°C. 

Dots = Sensitizing shock just below threshold, coil at 37.8. 

Circles = Sensitizing shock considerably below threshold, coil at 43. 
Squares = Curve of relative refractoriness. 

All plotted in per cent of a very much submaximal normal action potential. 


delaying or deepening the down stroke, by steepening the recovery curve, 
produces the impression of a lengthening of the recovery time. For this 
reason the relation of shock strength to the duration of the phase- of 
depression is guardedly stated. The changes induced by increasing the 
strength of the sensitizing shock have their limit, of course, where the shock 
reaches threshold value, for then the nerve fires off and the picture is 
changed by the intrusion of the refractory states, absolute and relative. 
The relation of the phase of depression to the relatively refractory phase: 
We early became interested in the possibility of a relation between the 
return of irritability to the normal level after depression determined, a, 
by a sensitizing shock, and b, by a complete nerve response. The methods 
of obtaining data for the plotting of the relatively refractory phase have 
been described in another place (Gasser and Erlanger, 1930); for the most 
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part use has been made here of the one in which the second action potential 
is larger than the first; the two shocks, however, were delivered through the 
same pair of electrodes. A set of curves illustrating the results regularly 
obtained is shown in figure 6. The temperature was 26°C. Here the 
amplitude is expressed in per cent of the normal height of the action 
potential, which, for all three curves, was roughly the same absolutely, 
namely, between 3 and 4 cm. Since the amplification was about 100,000 
“normal height’? was a very small fraction of maximal height. This is 
mentioned lest the impression be given by the group of curves that the 
negative phase has an amplitude range approaching that subtended by 
the curve of the relatively refractory phase as ordinarily made, namely, 
from 0 to maximum. This, of course, is not the case; a subthreshold 
sensitizing shock would reduce very slightly the amplitude of an action 
potential elicited by a just maximal testing shock. 

The curves of figure 6 are suggestive of two relations which may be of 
some significance. As the strength of the sensitizing shock increases the 
lowest point on the curve moves later in such a way as to give the impres- 
sion that it is approaching the duration of the absolutely refractory phase 
(the lowest point on the curve of relative refractoriness) as a limit. A 
similar tendency is seen in a number of the experiments; there have been 
exceptions, however, in which the low point has occupied a position that 
was later than the position of the return of responsiveness. It is quite 
possible, therefore, that this relation is fortuitous. 

The other relation is much more definite; with increasing strength of 
sensitizing shock the phase of depression approaches the duration of relative 
refractoriness as a limit. With relatively short induction shocks and 
under ordinary conditions this has regularly been the case (see figs. 3, 6 
and 9). 

Effect of temperature on the relation between the phase of depression and 
the relatively refractory phase. To ascertain whether this is a fixed relation 
it has been followed in nerve exposed to wide temperature changes. In 
summer frogs living at temperatures of 26 to 30°C. (systematic tests have 
not been made at other seasons of the year) it holds perfectly between 15° 
and 28°C., a range that alters the duration of the phase of depression (and 
of the relatively refractory phase) as much as 300 per cent. At tempera- 
tures below about 12° to 15°C. this relation breaks down; at that point an 
enormous prolongation of the relatively refractory phase begins to develop 
and it then terminates much later than the depression interval. The 
temperature at which this disparity develops corresponds with that (12° to 
13°C.) at which the supernormal phase and the after-potential disappear 
(Gasser and Erlanger, 1930) and which, therefore, may be regarded as 
critical of a number of nerve reactions. In the light of some recent obser- 
vations on the effect of temperature on nerve (Gasser, 1931) our results 
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may be interpreted as meaning that the two phenomena under considera- 
tion are determined by the same mechanism, one that is influenced by 
common factors at temperatures between 15° and 28°C., but at lower 
temperatures by additional factors which have the effect of prolonging the 
recovery of nerve that has been excited. In other words it is felt that 
emphasis should be laid rather on the correspondence that obtains at 
ordinary temperatures than on the dissimilarity that develops at, consider- 
ing the season, abnormally low temperatures. 

Irritability changes at the anode. For the interpretation of the foregoing 
results it seemed desirable to obtain comparable data on the irritability 
changes that develop at the anode of a subthreshold induction shock. For 
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Fig. 7. (6/14/30) The irritability responses to a cathodal (circles) and an anodal 
(crosses) sensitizing shock, testing shocks slightly superthreshold. 25.0°C. Ordi- 
nates, amplitude of action potential in per cent of normal, 


these experiments the direction of the primary current of the sensitizing 
coil is reversed so that the proximal terminal on the nerve becomes positive 
on the break instead of negative. When this is done the irritability picture, 
as determined in the usual manner by the testing shock, is completely 
inverted (see figs. 7 and 9); the curve begins below the normal level, instead 
of above, and this phase is then followed by a long period of enhanced 
irritability ending asymptotically, in the place of the phase of depression. 
Possibly there are slight quantitative differences between the correspond- 
ing phases of the responses to the anodal and cathodal shocks. Following 
the anodal shock the initial negative phase definitely is briefer than the 
summation interval which follows a cathodal shock, and the crest of the 
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subsequent positive phase is earlier than the trough of the cathodal 
negative phase. The impression also is obtained that the positive phase 


Fig. 8. (6/14/30) A few of the records supplying the data for figure 7. The shock 
escapes give the time relation of the testing to the sensitizing shocks. Their separa- 
tion in sigmas is given by the numerals. The upper series of action potentials was 
obtained with sensitizing shock cathodal; the lower, with sensitizing shock anodal. 
<4. 
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Fig. 9. (6/12/30) The irritability responses to a cathodal (squares) and an anodal 
(circles) sensitizing shock, testing shocks slightly superthreshold. 24.2°C. R marks 
the end of the relatively refractory phase. Ordinates, amplitude of action potential 
in per cent of normal. 


produced by the anodal shock falls off more rapidly initially but reaches the 
normal level somewhat later than the negative phase following a cathodal 
shock. 
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Figure 8 consists of a few of the records upon which the curves of figure 
7 are based. These are contact prints of the picture on the screen of the 
tube and are much less sharp, owing to irradiation, than the pictures the 
eye sees. 

Discussion. Whatever the significance of these differences may be, 
they do not stand in the way of the obvious deduction that the phase of 
depression produced by a subthreshold cathodal induction shock and the 
positive phase of the irritability change produced by an anodal shock are 
manifestations of the well-known postcathodal depression and postanodal 
enhancement of irritability, respectively. If it be granted that the phase 
of depression at the cathode of a subthreshold induction shock is a post- 
cathodal depression then, since in its full development and at all reasonable 
temperatures it has the same duration as the relatively refractory phase, 
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Fig. 10. (2/24/31) The relatively refractory phase (dots) and its modification 
(crosses) by an anodal shock so placed in the absolutely refractory phase (at A) 
that the postanodal phase of enhanced irritability falls in the period of relative 
refractoriness. 13.0°C. Ordinates, amplitude of action potential in millimeters 
Abscissae, sigmas, first shock at zero. 


the conclusion seems to be warranted that the latter also is a period of 
posteathodal depression left in this case by the nerve’s action potential. 
This conclusion is very strongly supported by the observation noted by 
Kato and collaborators (1929) that an action potential that is stopped by 
a locally persisting relative refractoriness increases and maintains the 
refractoriness. It seems reasonable to infer that under these circumstances 
the blocked action potential acts as if it were a subthreshold induction 
shock and, like the latter, leaves behind the characteristic postcathodal 
depression. If the action potential can do this when it fails to stimulate 
there is every reason for believing that it would act similarly on nerve 
that is responding and leave in its trail a state of postcathodal depression 
which is, or at least contributes to, the relatively refractory phase. On this 
basis the Wedenski block, which is attributed by Kato to a repetition of 
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his “after-effects” at a rate so rapid that refractoriness persists, must be 
regarded as block due to maintained postcathodal depression. 

Modification of the relatively refractory phase by postanodal enhancement. 
If the relatively refractory phase is a state of postcathodal depression of 
irritability it should be possible to abolish it by a properly placed state of 
postanodal enhancement of irritability. A few experiments have shown 
that in very large measure this can be done. Figure 10 presents the results 
of such an experiment. It was performed on a nerve of a winter frog at 
13°C. The record of the action potential was obtained directly from the 
stimulated point on the nerve (see fig. 11). At zero time the nerve was 


Fig. 11. (2/24/31) Circuit for the modification of the relatively refractory phase 
by an anodal shock. Lead (Z2) from the point stimulated. See text. 


stimulated with a supermaximal cathodal break induction shock and data 
for the plotting of the relatively refractory phase were obtained by ascer- 
taining the height of the action potential that resulted when, at various 
intervals thereafter, the nerve was stimulated through the same electrodes 
with a cathodal supermaximal break shock from another secondary coil. 
The curve obtained is marked by dotsin figure 10. Then, without changing 
any other of the conditions, this procedure was repeated, but now a break 
shock from a third secondary coil was added, this one, however, with its 
anode at the lead. This shock was made to fall (at A) in the absolutely 
refractory phase of the action potential produced by the activating (first) 
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shock. It, also, was supermaximal but did not stimulate. The insertion 
of this anodal shock alters very decidedly the configuration of the relatively 
refractory phase (curve marked by crosses). The nerve regains more 
than half of its normal irritability at the instant the absolutely refractory 
phase ends, and becomes normal less than 30 thereafter, whereas, without 
the anodal shock, the attainment of normal irritability required more than 
12c¢. Obviously the anodal shock markedly reduces the relatively re- 
fractory phase. It remains for further experimentation to determine 
whether complete abolition of relative refractoriness can be accomplished 
by this method of procedure. As the matter stands the possibility remains 
that there is a component of the relatively refractory phase that owes its 
origin to some other state than the posteathodal depression left by the 


action potential. 


SUMMARY 


The changes in irritability incident to the stimulation of nerve with a 
subthreshold induction shock are followed, using as an index the action 
potential of the nerve, observed, after amplification, on the cathode ray 
oscillograph. 

The duration of the first, or positive, phase, or summation interval is not 
affected by shock duration when the latter is sufficiently brief; but the 
duration of the summation interval is influenced by the strength of a sub- 
threshold shock of any given duration. Duration also varies with the 
temperature, and is longer in cathodally polarized than in normal nerve. 

It is definitely demonstrated that the summation interval can outlast 
the applied shock potential and varies independently of the electrical 
artifacts. 

It has no recognizable electrical sign. 

The second or depression phase returns to the normal level asymptotically 
in a period that seems to increase with the strength of the sensitizing shock, 
but at temperatures between 28° and 15°C. approaches in duration the 
relatively refractory phase as a limit. 

When the subthreshold sensitizing induction shock is anodal instead of 
cathodal the entire irritability picture is inverted, the terminal phase 
being one of enhanced instead of depressed irritability. The second phase 
following a cathodal shock, therefore, is regarded as a state of posteathodal 
depression. 

Since the depression interval left by a just subthreshold cathodal shock 
is coterminal with the relatively refractory phase, the latter also is regarded 
as a state of postcathodal depression left in this case by the nerve’s action 


potential. This interpretation is supported by the observation that the 
relatively refractory phase can be almost abolished by a properly placed 


anodal shock. 
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The ‘‘after-effect” of Kato that is left by a blocked nerve impulse, the 
repetition of which is believed by him to produce Wedenski blocking, 
therefore is to be regarded as a state of postcathodal depression and the 
Wedenski block as a state of maintained postcathodal depression. 
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The investigation reported in the preceding paper, dealing with the 
irritability changes initiated in nerve by subthreshold induction shocks, 
led to the conclusions, among others, that the summation interval may 
outlast the potential that develops in the inductorium and that the sub- 
sequent phase of depression is to be regarded as a postcathodal depression 
of irritability. In the hope of obtaining further light on the nature of 
these two reactions to shocks a similar study was undertaken of the altera- 
tion in irritability occurring in response to subthreshold constant currents 
of known duration andform. The study includes an analysis of the changes 
in irritability incident to the make and break and of the response to shocks 
in nerve steadily polarized as compared with normal nerve. Some atten- 
tion has been given also to the irritability changes developed by currents 
growing at less than the liminal rate. 

The literature dealing with the irritability changes developing in associa- 
tion with constant currents is so vast that to review it here would be quite 
impossible. It must suffice to refer the reader to the very good account 
given by Gotch in Schafer’s Textbook of Physiology (1900). The particular 
phases that concern this investigation are summed up there as follows: 
With closure of a constant current the irritability at the cathode rises in- 
stantaneously, increases rapidly to a maximum and then subsides quickly 
if the closure is sufficiently long; when the current is opened the fall of ex- 
citability is established instantaneously and subsides rapidly. Recently 
Bishop (1928a) has determined the configuration of the increase and decline 
in irritability at the cathode that accompany the make of a subthreshold 
constant current. His findings and inferences can best be presented later 
on. 

GENERAL METHOD. In the present research the routine procedure, 
from which there have been many departures, has been to sensitize the 


1The results on which this paper is based were presented at the meeting of the 
American Physiological Society, April 10, 1931 (This Journal, 1931, xevii, 519). 
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nerve with a subthreshold constant current, and determine the irritability 
changes developing at the cathode, and in a few experiments at the anode, 
by means of a testing induction shock, using the criteria described in the 
preceding paper. 

A number of circuits have been employed during the course of the work, 
but most use has been made of the one shown in figure 1. All of the resist- 
ances were nonreacting. The opening of the short-circuiting switch A, 
and of the series switch K, determine the time the nerve is exposed to the 
constant current. By means of the potentiometer it can be given a known 
percentage of threshold value. In other circuits, used to some extent, the 
short circuit shunted not only the sensitizing constant current but also 


40 


Fig. 1. Diagram of circuit for testing the irritability of nerve at the locus of polari- 
zation. WN, nerve; L, leads. 


the testing secondary circuit; and in still others the period of constant 
current flow was determined simply by switches in series. By shifting 
switch K; around the circumference of the wheel of the synchronizer, the 
testing shock can be placed wherever desired with respect to this current. 
During any series of observations the rotating synchronizer was run 
continuously, the cycles repeating themselves at the rate of about one per 
second. By a “long” constant current is meant one lasting 30 to 40c, 
or 3 to 4 per cent of a cycle. The duration of “short’’ constant currents 
is always given. In other respects the methods were in general similar 
to those used in the preceding study. 

Configuration of the constant current. 1t is seen in figure | that the cur- 
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rent flows not only through the nerve but also through the second- 
ary coil. Since self-inductance will delay the building up of the current 
through the coil it is to be expected that with the make of the constant 
current the flow through the nerve will momentarily be above its 
final level; that with the break it will momentarily fall below the zero 
level. By directly recording with the Braun tube the potential as it is 
delivered to the nerve by the circuit shown in figure 1 this predicted tran- 
sient can readily be demonstrated. The constant current in such an experi- 
ment reached its maximum in about 0.020 and was back at its steady level 
in about 0.07c¢. The transient potential exceeded the steady potential 
by about 25 per cent. 

Interaction of constant and induced currents. It is well known that a 
testing shock must be given an appreciable strength in order to stimulate 
a nerve that is about to respond to a constant current of rheobasic voltage. 
It seems natural to assume that a nerve under these circumstances would 
require to complete the stimulation only an infinitesimally small additional 
polarization and that consequently the shock strength needed tostimulate 
then measures, not the irritability of the nerve, but rather an opposing 
balance of the constant current flow and the induced current flow through 
the secondary coil in a circuit such as we use, and, therefore (see Bishop, 
1928b), can be entirely disregarded. Since the magnitude of this effect 
must be taken into consideration in the interpretation of irritability meas- 
urements in polarized nerve we have attempted to ascertain how signifi- 
cant it is. One method has been to directly register on the cathode ray 
oscillograph the induction shock obtained through the circuit of figure | 
under conditions exactly comparable with those obtaining in our routine 
procedure. The pictures demonstrate that the shock and the constant 
current sum perfectly within the limit of error of the method (about 10 
per cent). This result has been verified by the ballistic method. It may 
be stated, therefore, that, within these limits, the shock is changed neither 
in regard to height nor in regard to configuration by the introduction of 
the polarizing current. Under the circumstances, it would seem that, 
as a measure of irritability, the strength of the primary current has the 
same significance in polarized that it has in normal nerve. 

Resutts. The initial alteration in irritability at the cathode. When the 
irritability, as measured by the amplitude or constant height methods, 
is determined by moving the testing shock into the constant current from 
before, it begins to increase before the testing shock and constant current 
overlap. This is due to stimulation by the subthreshold constant current 
of fibers that escape stimulation by the submaximal testing shock but are 
in the phase of the summation interval set up by the latter. Mounting 
rapidly, but with decreasing speed as the testing shock is moved later, the 
irritability curve soon reaches a rounded ascending, or level plateau (see 
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figs. 2 and 3). From the end of this plateau the irritability drops off 
sharply and, in a consistent curve that is definitely concave upwards from 
the start practically in every case, it approaches asymptotically a level, 
usually steady, that persists to the break of the constant current. This 
maintained irritability, as we shall designate it, occasionally rises for a 
time, or still more rarely falls. To long, just threshold, constant currents 
the nerve responds at or shortly after the end of the plateau; the response, 
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Fig. 2. (3/3/31) The effect of temperature on the'jirritability responses initiated 
by the make of a constant current, 90 per cent of rheobase. Constant height method. 
Successive determinations on the same preparation; A and B at 12.0°C., C, Dand E 
at 24.2°C., F and G at 12.2°C. Ordinates, per cent of maximum irritability in each 
case. Time in sigmas, the make of the constant current being at zero. Normal 
levels not shown. 


therefore, may develop some time after the irritability, as measured by 
an induction shock, has attained its maximum level. 

In an effort to ascertain the factors that contribute to these initial irrita- 
bility changes we have determined the configuration of the curves as af- 
fected by changing conditions, such as temperature and the strength of the 
polarizing current. 

The effect of temperature. The time occupied by the phases of the curve 
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is markedly influenced by temperature, but these temperature effects are 
not entirely constant. To give an example, in the experiment furnishing 
the data for figure 2 the interval extending from the start of constant cur- 
rent to the end of the plateau measures in sigmas in the successive deter- 
minations, 2.35 and 2.77 at 12°C.; 0.92, 0.92 and 0.68 at 24°C.; and 2.00 
and 2.10, again, at 12°C. In other experiments the fluctuations have been 
wider, to such a degree, even, as occasionally to yield negative temperature 
coefficients. 

In cold (12°C.) nerve the plateau is a very definite and striking feature 
of the irritability curve, but in warm nerve (room temperature) the rising 
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Fig. 3. (3/19/31) Effect of strength of polarizing current on the irritability re- 
sponse initiated by the make of a constant current. Constant height method. 
Successive determinations on one preparation; A, constant current 50 per cent, B, 75 
per cent, C, 90 per cent, D 90 per cent (three panels), Z, 100 per cent of rheobase, 
determined, with the exception of D, at four panel amplification. Ordinates, per 
cent of maximum irritability in each case. Time in sigmas with make of constant 
current at zero. Normal levels not shown. 


phase occasionally appears to be cut short by the falling phase before a 
plateau stage is reached. Possibly the plateau is present in such cases but 
at times is missed because, being brief, the number of points is insufficient 
to outline it. Temperature does not affect materially the depth of the 
decline after the plateau, but has a marked effect on its duration. 

The effect of polarization strength. The configuration of the initial irrita- 
bility changes as affected by the strength of the polarizing current is seen 
infigure 3. In this experiment five subthreshold constant current strengths 
were used. The preciseness of the determination of threshold value de- 
pends to a considerable extent upon the amplification used. What seems 
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to be threshold with three-panel amplification is foundto be considerably 
above threshold strength when the fourth panel is added. This accounts 
for the difference between the curve C (90 per cent, four panels) and curve 
D (90 per cent, three panels), and justifies the statement that the figure 
depicts data derived from observations at five strengths of polarizing 
current. In order to obtain the range of primary current needed to test 
irritability with the resistances at the moment available for this experiment 
it was necessary to adjust the position of the secondary coil with each 
change in constant current strength. As the coil readings were not noted 
it is impossible to so plot the data as to bring out the irritability relations 
of the curves to each other. To illustrate this relation other experiments 
will be used. Each curve shows the irritability range expressed in per 
cent of the irritability obtaining at its plateau. The curves present certain 
features which may be of interest. 

1. Attention is again called to the plateau and to the abrupt beginning 
of the falling phase. 

2. The irritability range between the plateau and the maintained levels 
(in this experiment observations were discontinued before the curves had 
quite flattened out; therefore, the height of the maintained levels can be 
ascertained only roughly) increases at an accelerating rate with increase 
in the strength of the constant current. 

3. The time occupied by the rising phase definitely increases with in- 
crease in the strength of the polarizing current; in the case of the weakest 
current here used (50 per cent of threshold) the plateau is reached in 0.80c 
and of the strongest current (100 per cent) in 1.36. 

4. The plateau seems to break later the stronger the current; therefore, 
the plateau stage seems to maintain its duration but to shift into later 
positions as the current strength increases. 

Other experiments show that the irritability obtaining at the time of 
the plateau increases at an accelerating rate with increase in the strength 
of the polarizing current up to the threshold level. In this same range 
the maintained irritability likewise increases, usually at an accelerating 
rate, also, but more slowly, so that an increasing separation of the irrita- 
bility at the two levels develops as the constant current strength increases. 
Figure 4 gives the results of a typical experiment (27°C.) in which the 
curve of maintained irritability (circles) accelerates slightly, at least, at 
first. The points plotted are each averages of several determinations that 
agree fairly well among themselves. Both curves should, of course, pass 
through 23, the irritability of unpolarized nerve. The failure of the curve 
of the plateau levels, as recorded, (dots, upper), to do so is regarded as an 
expression of experimental error; it could be accounted for by a 2 per 
cent error in the reading of the scale. A more correct conception of the 
relation of plateau to maintained irritabilities, we are sure, is obtained by 
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arbitrarily dropping the upper curve so as to make it pass through 23. It 
is then seen (dots, lower) that at 5 per cent of polarization plateau and 
maintained irritabilities are practically alike; that even at 50 per cent of 
rheobasic polarization they are apart less than 3 per cent of the normal-to- 
rheobasic irritability range. The separation then increases rapidly so that 
at rheobasic polarization the height of the plateau above the maintained 
level amounts to about a third of the normal-to-rheobasie range in irrita- 


25 


0 oo 20 40 60 80 100 


Fig. 4. (6/12/31) The irritability obtaining during the plateau and maintained 
stages of response to polarization, the latter about 200 after the constant current 
make, as affected by polarization strength. 27.0°C. Ordinates, the primary resist- 
ance of testing circuit in ohms; abscissae, the constant current strength in per cent 
ofrheobase. Dots, plateau irritability, the upper as recorded, the lower as corrected; 
circles, the maintained irritability. 


bility. Indeed, if the induction shock method of measuring irritability 
were perfect the upper curve at this point presumably would be at infinity; 
for the constant current by itself would suffice to produce the response. 

The irritability at the plateau cannot be followed beyond that deter- 
mined by strengths of constant current exceeding threshold, for then the 
nerve responds. Observation of the maintained irritability, however, is 
not thus limited; it is only necessary, in order to minimize the conse- 
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quences of the nerve’s response, to allow the current to act until the tran- 
sient relative refractoriness has entirely disappeared before making the 
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Fig. 5. (6/30/31) The irritability obtaining during the maintained stage of 
polarization, as affected by polarization strength. 28.8°C. Ordinates, reciprocals 
of primary amperage; abscissae, polarization strength in per cent of rheobase. 
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Fig. 6. Construction of a curve resembling that given by the relation between 
irritability during the maintained level of polarization and the strength of the 
polarizing current. See text. 


readings. The time the current has acted when these tests are made must, 
of course, be the same in comparable observations. Figure 5 presents the 
data from an experiment in which the irritability during the maintained 
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stage was followed through a range of polarization strength exceeding the 
rheobasic (= 100 per cent) seven times. In this case the irritability rises 
at a retarding rate from the start so that finally (at about 500 per cent 
polarization) the curve bends toward the X axis. 

This curve suggested the construction shown in figure 6. The ordinates 
of this graph represent irritability in arbitrary units, with zero at the normal, 
unpolarized level. The abscissae represent strength of polarization, rheo- 
basic being 100. The line OA bisects the angle at the origin. From the 
intersection of every hundredth abscissa and OA, beginning with zero, a 
point is laid off downward as follows: from zero, 3.75 ordinate units, from 
100, 7.5, from 200, 15, from 400, 30, and so on. We are told that the ex- 
pression for this graph is 


y = x — beky 


We are more interested, however, in the close resemblance this graph bears 
to the curve (fig. 5) derived from experimental data. They both rise with 
decrementing rate to a crest, attained when polarization acquires a value 
of about 500 per cent. At this point both curves bend toward the X axis, 
descending rapidly and along similar lines. 

To derive by construction curves simulating those seen more commonly 
(see fig. 4), in which the rise of the maintained irritability at first is at 
an accelerating rate, it would be necessary to substitute for the line OA a 
rising curve accelerating during the subrheobasic period, at least. The 
equation then would contain two exponential expressions, one, as at present, 
negative, the other positive and replacing z. 

Discussion. In considering the factors that determine the irritability 
changes occurring in response to the make of a subthreshold constant 
current it is necessary first to ascertain what rdle, if any, is played by the 
initial transient resulting from the presence of the secondary coil in the 
circuit. It has been seen that this transient lasts only 0.07c, whereas the 
initial irritability changes may occupy over 2.0c. For this reason, and on 
the basis of the experiments on temperature, the transient seems definitely 
to be ruled out as a factor; for while temperature affects markedly the 
duration of the initial irritability changes, its effect on the duration of the 
electrical transient of the activating circuit is inappreciable. 

It has been stated that Bishop (1928a) studied the configurations of the 
increase and decline in irritability determined at the cathode by the make of a 
constant current. The stimulating effect of the current, he found, follows 
a curve similar to that of the counter E.M.F. of two condenser systems 
in series. However, the two irritability curves he reproduces differ from 
ours by the absence of a plateau and in having a descent to the main- 
tained level that begins gradually with an initial upward convexity instead 
of abruptly and with a consistent upward concavity. 
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The next question to consider, therefore, is whether the configuration 
of the irritability curves derived from our data could be determined by two 
independent but concurrent processes, and if so, what might be their na- 
ture. It has been seen that the curve representing the relation, during the 
maintained level, between irritability and constant current strength in- 
cludes two expressions both of which may be exponential, one positive and 
the other negative. This very naturally suggests the thought that the 
irritability picture is the result of two processes beginning simultaneously, 
one increasing irritability, the other decreasing it. Therefore, attempts 
have been made to find two smooth curves starting in opposite directions 


Fig. 7. Construction to show that the irritability changes developing at the 
cathode in association with the make of a constant current could be determined by 
two processes, one quickly increasing irritability, the other decreasing it more 
slowly, both beginning simultaneously. Ordinates, irritability, zero being normal 
and 100, the maximum obtained at rheobasic voltage. Abscissae, duration of current 
flow in sigmas, zero corresponding with the make. The constructions for the results 
obtained in response to weaker polarizations, 75, 50 and 25 per cent of rheobase, also 
are shown. See text. 


from zero which, by algebraic addition, would yield the irritability curves 
derived experimentally. The premises have been as follows. The curves 
of figures 5 and 6 portray the relation of irritability to strength of current. 
But, if instead of strength, the time of action of a current of constant 
strength were the variable plotted on the abscissa, it is clear that the two 
curves arbitrarily chosen, instead of bending toward the X axis, would 
approach limits which would in all probability parallel the X axis. 
With these considerations in mind the construction seen in figure 7 was 
evolved. For this diagram the plateau and maintained irritabilities used 
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are those of figure 4, the durations, approximately those of figure 3. The 
curve J represents the action on the process that enhances irritability, 
DD’ the action on the process that depresses irritability. To facilitate sub- 
traction of D from J the start of the former is placed not at zero, where it 
belongs, but on the level of the upper asymptote of J. Subtraction will 
yield a plateau only if and where the inclinations of the two curves are 
equal and opposite. To approximate this relation through the desired 
stretch it is necessary to give curve DD’ an inflection such that the figures 
acd and abd become as nearly as possible superimposable. Perfect super- 
imposability seems to be impossible of attainment without the introduc- 
tion of a sharp discontinuity in Dat b. Addition of D and / gives the curve 
SD’. This fails exactly to match the irritability curves in one respect; 
between the plateau and its upwardly concave termination there is a short 
stretch slightly convex upwards. However, this deviation from experi- 
ment is so slight that one would be inclined to assign it little weight were 
it not for the practically regular absence in the irritability curves of any 
tendency to decline prior to the discontinuity at the end of the plateau by 
whatever method derived. 

The alternative view is that the irritability changes developing at the 
-athode with the make of the constant current are the result of two succes2ive 
processes, one extending to the end of the plateau, the other thence to the 
beginning of the maintained level. To attempt the formulation of a 
working hypothesis based on this conception one might suggest that the 
first stretch depicts preparation of the irritable mechanism to respond, 
whatever that may connote, and the second stage a recovery to the steady 
state determined by the polarization in the event of failure to respond. 
This hypothesis is not wholly lacking in support. For instance, the time 
to the end of the plateau often closely approximates the duration of the 
absolutely refractory phase at the same temperatures. This relation, 
though, we believe to be entirely fortuitous, particularly because of the 
variability of the relation between the time to the end of the plateau and 
temperature, to which reference was made above. 

But irrespective of whether the decline in irritability begins at zero time 
and is masked up to the end of the plateau by another process that increases 
irritability, or begins later at the end of the plateau, it seems necessary to 
regard it as a manifestation of so-called cathodal depression. If it be cath- 
odal depression starting with the make of the polarizing current it will be 
necessary to assume that the process determining cathodal depression and 
the process determining cathodal enhancement each increases at the same 
proportional rate as the polarizing current after as well as before the nerve 
responds. This is a necessary consequence of the absence from curves 
(fig. 5) portraying the relation between the irritability at the maintained 
level and the strength of the polarizing current of a discontinuity at the 
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point where the constant current strength exceeds the rheobase; at that 
place the nerve passes through the absolutely and relatively refractory 
phases without manifesting any disturbance in the rate of increase of the 
maintained irritability. The concept that cathodal depression manifests 
itself only after the completion of the plateau stage does not seem reason- 
able, and affords no clue to a method of graphic representation. 

That the irritability level of nerve during polarization is determined by 
two processes, one acting rapidly and enhancing irritability, the other more 
slowly and reducing irritability, the latter becoming relatively more and 
more effective with increase in polarization strength, is supported by the 
drop in irritability below its normal value that occurs when the current 
is broken; for this postcathodal depression, to be considered later, can be 
regarded as evidence of a preéxisting but masked alteration of the polarized 
nerve in the direction of depression which is uncovered and disappears 
slowly with the cessation of polarization. Werigo (1883), from the be- 
ginning, regarded cathodal depression as a constant phenomenon, develop- 
ing so quickly with the make of a strong current as to mask the initial rise 
in irritability, with weak currents more slowly, many minutes (20 to 30) 
then being required for depression to manifest itself, depression in the 
Werigo sense consisting of a lowering of irritability below the normal level. 
If the decline from the irritability maximum following the make of a sub- 
threshold constant current is a sign of a depressing action of cathodal 
polarization, Werigo’s view regarding the universality of cathodal de- 
pression could be amended so as to indicate that the manifestations of 
depression develop as quickly with weak as with strong currents. 

THE PRETERMINAL PERIOD AND RELATED PHENOMENA. When the sub- 
maximal testing shock delivered as usual at the cathode is carried through 
the maintained level toward the break of a long subthreshold constant 
current the action potential begins to diminish in height before the shock 
reaches the end of the constant current. The interval between the shock 
position at which this apparent decline in irritability begins and the break 
of the constant current, designated, for the sake of convenience, the pre- 
terminal period, lasts 0.3 to 0.7¢, possibly longer, depending upon conditions 
to be considered. 

The preterminal phase can not possibly be regarded as an effect of the 
break of the constant current upon irritability, unless perchance it were 
the expression of a defective breaking mechanism causing the polarizing 
current to fall off before the actual break; and we have been able to satisfy 
ourselves that this is not the case. Direct observation by means of the 
cathode ray oscillograph shows that the constant current switch is operat- 
ing perfectly, producing a clean, sharp break. Furthermore, altering the 
temperature of the nerve alters very materially the duration of the pre- 
terminal period; it has a Qi. of about 1.6 in the observed temperature range. 
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That the behavior of the constant current switch is not the cause of the 
phenomenon is indicated also by the observation, to be considered again 
below, that a similar decrease in the amplitude of an action potential de- 
termined by a testing shock during subthreshold cathodal polarization 
occurs when a subthreshold break shock with cathode distal (an anodal 
shock) is delivered through the same electrodes later than the test shock 
by an interval that falls within the preterminal range. The underlying 
sause of the preterminal fall therefore resides in the nerve, not in the switch. 
The possibility also has been considered that a posteathodal electrotonic 
effect associated with the break of the constant current, spreading down 
the nerve faster than the action potential travels, might reach the lead 
before the action potential and reduce its recorded height; but this possi- 
bility is rendered untenable by the observation that a fully developed 
preterminal phenomenon is seen even when the action potential is recorded 
at the locus on the nerve where it is polarized and stimulated, and, therefore, 
long before postcathodal depression develops. We are then faced with 
the necessity of referring the preterminal phenomenon to a nerve response 
dependent upon the testing induction shock. 

In the preceding paper it was shown that the break shock from the air- 
cored coil with the usual secondary resistances is completed in less than 
0.05c. And direct cathode ray oscillograph records show that the same is 
true when the break shock acts through our constant current circuit. In- 
duction shocks, as has been said, are not altered in duration or in con- 
figuration by the constant current. The preterminal period, therefore, 
cannot be accounted for by direct and immediate action on the nerve 
of the applied shock potential. 

It was demonstrated in the preceding paper that the summation interval, 
when present, outlasts the sensitizing shock and is longer in polarized than 
in unpolarized nerve. Furthermore, it has been seen in the present paper 
that a nerve may not respond at the instant it acquires the maximum irrita- 
bility that develops through the action of a constant current, irritability 
remaining at a steady level during the entire period of the plateau stage 
before the nerve responds. Such observations as these suggest the possi- 
bility that nerve fibers might respond to brief induction shocks after in- 
tervals, latent periods, to employ the usual term, ranging in duration up to 
that of the preterminal period (or even longer), and that the preterminal 
phenomenon develops because of differences in response times of the com- 
ponent fibers of the nerve. 

To illustrate how, on this basis, the preterminal phase would develop 
we may, for the sake of simplicity, hold the submaximal testing shock late 
enough in the constant current to be beyond the region of the initial tran- 
sient effects, and, by stages, move the break of the constant current into 
earlier positions, i.e., toward the testing shock temporally. Assuming a 
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range of latenciesof say 0 to 0.5c, it is obvious that the height of the action 
potential determined by the testing shock will diminish when the interval 
between the shock and the constant current end becomes less than 0.5: 
for then the process started by the shock in the fibers that have a latency 
of 0.5¢ will be interrupted by the disappearance of the cathodal polariza- 
tion. To cause those fibers to fire off now, that is to say, to bring back 
the action potential to its initial height under the new conditions, it will 
be necessary to increase the strength of the testing shock to where it will 
counteract the interference introduced by the break of the constant current. 
The constant current break, then, has the appearance of decreasing the 
irritability of the nerve. This effect will grow as the constant current 
break moves earlier through the assumed range of latencies. 

Latencies. It is thus seen that for the solution of the preterminal phe- 
nomenon information is required regarding the latency of response to a 
brief induction shock. With this in mind, we have determined in how far 
the response to a submaximal cathodal break shock can be modified by 
another but subthreshold break shock in the opposite direction through 
the same electrodes. The results obtained in this way will be illustrated 
by the following experiment performed at a temperature of 28.2°C. The 
distance of conduction was 21mm. _ The first shock was from an air-cored 
coil and probably lasted not over 0.04c. It was given a strength that pro- 
duced an action potential of about one-quarter the maximal height. The 
anodal shock was just below the threshold. The nerve was polarized 
through the same electrodes with a current 90 per cent of rheobasie strength 
and the anodal shock was placed after the cathodal shock at the point 
where it just completely annulled the response produced by the latter. 
Their separation then was 0.08¢. Polarization then was stopped; the 
strength of the first shock was increased to the point where it produced an 
action potential of exactly the same height as before; and the anodal shock 
was again given a just subthreshold strength, but the positions of the 
shocks were not altered. Under these new conditions there was an action 
potential; it had about one-third the height of the action potential given 
by the eathodal shock alone. The experiment, to this point, demonstrates 
that the minimum latency of unpolarized fibers is shorter than that of 
polarized fibers. The difference in the minimum latencies was not ascer- 
tained quantitatively, but the experiment was continued by moving the 
anodal shock later. With this the height of the action potential increased 
up to normal, to the height, that is to say, of the action potential deter- 
mined by the eathodal shock alone. The interval between the cathodal 
and anodal shocks when the height became just normal was 0.220 in the 
normal nerve and 0.350 in the polarized nerve, again under comparable 
conditions. These times were approximately equal to the rising times of 
the corresponding action potentials, which were 0.29 and 0.39¢, respectively. 
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In other experiments it has been found that separation of the two shocks 
cathodal and anodal, continues to modify the action potential configuration 
for some time after the separation exceeds the time to maximum of the 
action potential, the change then consisting of a steepening of the action 
potential decline which diminishes with further latening of the anodal 
shock. Evidently elements contributing their potentials to the action 


C o 


Fig. 8. (6/25/31) Contact prints of action potentials, conducted 24 mm., started 
by shocks equally submaximal, a from normal nerve, 6 from normal nerve cathodally 
polarized at the stimulating electrode with a 90 per cent rheobasic current. c shows 
the two action potentials printed over each other so as to bring out form and temporal 
differences. 28.2°C. Three panels, 1000w. Time in sigmas. 


potential as a whole can be made to drop out of the picture by an anodal 
shock placed as long as 0.40 or more after a submaximal shock. 

When the strength of the cathodal shock is such as to produce a maximal 
action potential, and not until then, the anodal shock loses its effect on 
the height of the action potential at all shock separations in excess, approxi- 
mately, of the duration of the cathodal shock; and this is true no matter 
how strong the anodal shock be made. Indeed, the anodal shock then is 
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without effect not only on the height of the action potential, but also on 
its configuration. In these respects normal and polarized nerve act alike. 
The significance of this critical effect of shock strength will be considered 
later. 

This evidence of a range of latencies that is definitely wider in polarized 
than in normal nerve is supported by action potential pictures. Conducted 
action potentials of the same submaximal height, one started in normal, 
the other in locally polarized nerve, differ very strikingly in appearance 
(see fig. 8). The latter, as compared with the former, has a longer and 
flatter rising phase, a shorter and more bulged falling phase; its center 
of area, therefore, and its crest are later. The end points of both are about 
synchronous. Obviously, the building stones of the polarized action po- 
tential are more massed toward its end. One gains the impression, which 
becomes practically a conviction in the case of action potentials that ap- 
proach threshold amplitude, that the action potential starting in polarized 


TABLE 1 


Time, shock to beginning of conducted action potential in polarized as compared with 


normal nerve 


TIME SHOCK TO ACTION POTENTIAL 
TEMPERA- POLARIZING SHOCK 


=X PERIMEN’ 
TURE CURRENT STRENGTH 


Polarized Normal Difference 
per cent o 
5/31 12.5 90 Thresh. 1.39 1.00 0.39 
90 Max. 0.92 0.85 0.07 
31 22.0 90 Thresh. 0.90 0.74 0.16 
31 11.8 90 Thresh. 1.42 1.18 0.24 


nerve arrives at the lead later. It is difficult to decide this question defi- 
nitely because the rising phase of the action potential initiated in polarized 
nerve has a much lower and more gradual gradient. A few of the measure- 
ments we have made using threshold stimuli are given in table 1. With 
the qualification mentioned, they show that the polarized action potential 
is the later of the two. In making this comparison it may be assumed that 
cathodal polarization has little if any effect on conduction rate (Bishop 
and Erlanger, 1926). Spread of the stimulating shock, though, might be 
a factor, for, since the action potentials compared are given the same 
amplitude (threshold, submaximal, or maximal), the shock delivered to the 
normal nerve always is the stronger of the two, and therefore stimulates 
further from the negative electrode. It may be asserted, however, (see 
Erlanger and Gasser, 1924) that the strength difference operative here 
could not account for ‘conduction time”’ differences of the magnitude of 
those observed in these experiments. 

Bishop and Erlanger (1926), recording the action potential at or close 
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to the locus of the nerve whence it was started by the induction shock (maxi- 
mal, in their experiments), found in polarized nerve an alteration in the 
configuration of the action potential similar in character to that exhibited 
in the present experiments by the conducted action potential, namely, a 
slight lengthening of the rising phase, a shortening of the falling phase 
and, therefore, a shifting of the crest and center into later positions. 

We have repeated the experiments of Bishop and Erlanger using, how- 
ever, submaximal stimuli and leading directly from the point stimulated, 
which was also the cathode of the polarizing current. The strength of 
stimulation was adjusted so that the action potentials, normal and polarized, 
had the same height. Action potentials thus obtained are greatly de- 
formed by the escape of the induction shock. Nevertheless, the records 
show that polarization definitely latens not only the crest of the action 
potential, as Bishop and Erlanger found, but also the end, the former, 
however, considerably more than the latter. Thus, in one of the experi- 
ments (at 14°C.), the difference in crest times was 0.230 and in end times 
0.130. With the same qualification that was made when considering the 
conducted action potential, it seemed that the unconducted action potential 
also began a trifle later in the polarized than in the normal nerve. 

On the assumption that the unconducted action potential ‘must have 
had its constituent axon action waves almost exactly in the same phase’, 
and without any additional information, it was natural for Bishop and 
Erlanger to have concluded, as they did, that cathodal polarization shortens 
the falling phase of the axon action potential but not the rising phase. 
Now, however, that it has been shown that the action potential conducted 
away from the locus of polarization has the same general configuration 
that it has at the locus of polarization, the alteration produced by the 
constant current can no longer be accounted for on this basis alone. For 
when the action potential is conducted away from the site of origin in the 
polarized region the axon potentials will resume their normal unpolarized 
configurations; and so also would the action potential as a whole. But 
any initial displacements of axon action potentials arising as a result of 
differences in latencies would be retained. In the light of present knowl- 
edge the modification of the unconducted (and also of the conducted) 
action potential by local cathodal polarization can be accounted for quite 
satisfactorily upon the assumption that it is due to a shortening by cat! odal 
polarization not only of the falling phase but of the rising phase also, Ly 
invoking the evidence that the axon action potentials thus altered in con- 
figuration develop through a range of axon latencies that is wide enough 
to bring about the observed alteration in the figure formed by the summed 
axon potentials. 


Discussion. The question now arises, is there any other way of ac- 
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counting for the results we have attributed to differences in latencies? 
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The one thought that has occurred to us in this connection is that there 
may be a broad locus of stimulation, impulses consequently starting in 
different fibers at positions sufficiently widely separated spacially to ac- 
count for the time spread observed. There are difficulties, however, in 
the way of this concept. Even if the spread included the entire inter- 
electrode distance the time range, determined by calculation based on 
conduction rate, still would be insufficient to account for the phenomena 
we attribute to differences in the recording times of the axon action poten- 
tials. A more potent objection to this view is the fact that the efficacy of 
an anodal shock in reducing the response to a submaximal cathodal shock 
decreases as the interval between the shocks increases. If latency to the 
cathodal shock were not the responsible factor, the anodal shock should 
be without effect when applied outside the utilization period of the former, 
that is to say, later than about 0.06¢; but an anodal shock has an effect 
under appropriate conditions even after ten times this interval. 
<xperiment has shown that the preterminal period, the time elapsing 
between the testing shock and the constant current break, and the maxi- 
mum separation of cathodal and anodal shocks effective in reducing the 
action potential height are the same, and are about equal to the time to 
maximum of the action potential recorded under the same conditions. 
This result, it is easy to show, is a necessary consequence of the latency 
hypothesis, provided the latency range be greater than the time to maximum 
of the action potential, and experiment indicates that it is. The action 
of both the anodal shock and the constant current break in this respect 
can best be regarded as a prompt lowering of the responsivity of the fibers 
to the level where the local process that has been started by the cathodal 
shock, but has not yet produced a response, fails to mature. Since the 
latency range is wider than the ascending phase of the action potential 
the amplitude of the action potential will be cut down when the anodal 
shock or constant current break falls between the activating shock and 
the crest of the action potential and thus eliminates some of the axon action 
potentials that contribute to the crest of the composite potential. 

The one observation that it is difficult to fit into the view that the con- 
stituent fibers of a nerve respond to an induction shock, not all at once, but 
with latencies ranging from the end of the utilization period of the shock 
to some point later than the crest of the action potential, is the sudden- 
ness of the development of the inefficacy of an anodal shock, placed beyond 
the end of the utilization period of the cathodal shock, at the point where 
the cathodal shock becomes strong enough to yield a maximum action 
potential. The only way out of this difficulty that is consistent with the 
hypothesis of latencies is to assume, as we did above, that the anodal shock 
acts not by instantly annulling reactivity but, like the ending of the con- 
stant current, by lowering local responsivity evenly for a considerable 
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period, not merely for the duration of the shock, to a level where some of 
the local processes started by the cathodal shock fail to mature. When the 
cathodal shock is well above maximum neither the break of the constant 
current nor the anodal shock can lower responsivity by enough to inter- 
fere with the local firing off process. Under these circumstances the 
anodal shock can affect the response produced by the cathodal shock only 
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Fig. 9. (2/12/31) Irritability changes (at the cathode) associated with the break of 
a constant current of various durations. Current strengths all 50 per cent of thresh- 
old. 13.0° — 13.8°C. Current durations: @ = “long,” 0 = 0.940, V = 0.440, A 
= 0.28¢, X = 0.12c. Ordinates, amplitude of action potential; abscissae, sigmas, zero 
being the constant current end. The point at which the action potential begins to 
diminish in height on moving the testing shock toward the end of the constant current 
is a separate determination ineachcase. An uncorrected shift in the base line during 
the experiment makes curves A and X 1 to 2mm. too low. 


when it directly counteracts the current flow determined by the latter, 
that is to say, only when it acts during the utilization period of the cathodal 
shock. 

It is concluded on the basis of this discussion that the diminution in the 
height of the action potential that occurs as the cathodal testing shock 
approaches the end of a “long’’ period of subthreshold cathodal polariza- 
tion is due to differences in latencies of the responding fibers wider than 
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the time to maximum of the action potential as it develops under the 
stimulating electrode. 

The summation interval. It has been seen that upon carrying the sub- 
maximal testing shock later and later in a subthreshold constant current 
the resulting action potential begins to diminish in height before the polari- 
ing current terminates. This diminution in height, beginning in the pre- 
terminal period, gathers speed gradually and attains its maximum velocity 
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8 O a Re) 1.0 14 
Fig. 10. (1/31/31) Irritability changes (at the cathode) associated with the break 
of a constant current of various durations. 11.7° — 12.8°C. 


e@ = ‘long’ current, 90 per cent of rheobase. 

< = 0.580 current, 90 per cent of rheobase. 

VY = 0.200 current, 90 per cent of rheobase. 

O = 0.20 current, slightly below threshold. 

Ordinates, amplitude of action potential; abscissae, time in sigmas, zero being 
constant current end. 


at about the time the testing shock and the opening of the constant current 
coincide (figs. 9 and 10). At this time the irritability still is above that of 
the nerve when unpolarized; but it continues to fall and with undiminished 
speed until it passes below the normal level well into the period of post- 
cathodal depression. In other words, there is, following the break of a 
“long”’ constant current, a summation interval if the latter be defined as 
the period lying between the constant current break and the point where 
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the descending irritability crosses the level of normal irritability. It is, 
however, exceedingly brief. In cold nerve (12°-13°C.) it probably is not 
over 0.20, and in warm nerve it is so brief that it searcely can be measured 
when the constant current has about 90 per cent of the rheobasic voltage. 
We have not made any observations on the summation interval following 
the break of a long constant current of higher than rheobasie voltage after 
complete recovery from the initial response. 

We have, however, measured the summation intervals following con- 
stant currents of different, subthreshold strengths, and various durations. 
The conditions become rather complex in these experiments when the 
durations fall within the range of the irritability changes incident to the 
constant current make. For an exact analysis of the relation of the 
summation intervals to these initial changes it would be necessary to 
have for each current strength an observation at each of the significant 
durations, and the latter could be ascertained only by reference to a curve 
showing the initial changes in irritability produced by a long constant 
current in the same preparation. Such a systematic study we have not 
made. The observations we have, however, suffice to indicate the general 
trend of these interrelations. 

When the current strength is kept constant at say 90 per cent of the 
rheobase while the current duration is changed it is found that the longest 
summation interval corresponds with current durations which presumably 
would place the constant current break in the plateau stage of the initial 
irritability complex; briefer currents again yield shorter summation inter- 
vals, as short, when the currents are very brief, as those following long 
constant currents. The same result, qualitatively, is obtained when, for 
ach of the current durations, the current strength is adjusted so as to have 
the same value, relative to threshold provided the value be not too high. 
Figure 9 depicts the results of such an experiment in which the current 
strength was maintained at 50 per cent of the threshold value. The 
temperature remained close to 13.4°C. throughout. The summation 
intervals following currents lasting, in the five successive determinations, 
somewhere between 20 and 40 o, 0.94, 0.44, 0.28 and 0.12 o« were 0.20, 
0.78, 0.50, 0.20 and 0.16 o, respectively; the summation interval is maxi- 
mum when the current is broken at about what would be the plateau stage 
of the initial irritability changes produced by a long constant current. 

When the constant current strength is held at a high and constant level 
relative to the threshold at each duration, it is found that as the durations 
are reduced the summation intervals do not diminish again when the 
current becomes brief; instead, they may actually continue to increase. 
This result may be illustrated by the data of another experiment (fig. 10, 
temperature 12°C.). In this case a long constant current at 90 per cent 
of the rheobase had an estimated summation interval of 0.1 ¢. Upon 
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shortening the constant current to 0.58 o and to 0.20 o, but not altering 
its strength, the summation intervals became 0.6 and 0.4 oc, respectively. 
Now, increasing the strength of the 0.20 o current to 90 per cent of its 
threshold value increased the summation interval to 1.2 c. 

Though these and other similar observations, as has been said, have 
not been carried out systematically they nevertheless can be regarded as 
showing very definitely that the duration of the summation interval 
following the break of a constant current depends upon both the phase 
of the initial irritability transient in which the break falls and the strength 
of the polarizing current. When the constant current is kept at a constant, 
subrheobasic level, interruption during the steady state leaves a summation 
interval so brief that it can be recognized with certainty only in cold 
nerve; the longest summation intervals are those following interruption 
during the plateau stage; earlier interruption again reduces the summation 
intervals until, with very brief constant currents, they may be as brief as 
those following interruption during the steady state. But if such a very 
brief constant current is now increased from rheobasic strength to the 
point where it is just subthreshold the summation interval becomes long, 
longer, perhaps, than the longest that can be obtained with just sub- 
rheobasic currents of any duration. 

Discussion. These observations indicate that the duration of the 
summation interval is not determined primarily by the irritability obtain- 
ing at the moment of the break, as measured by an induction shock; for the 
irritability during the maintained stage relative to normal is about a 
quarter less than that obtaining during the plateau stage, but the sum- 
mation interval determined by breaking the constant current during the 
plateau stage is at least six times as long as that following the break during 
the maintained stage. Presumably, therefore, the summation interval 
is an expression of a dynamic rather than of a static process; the height 
of the maintained polarization plays a very minor réle. The observations 
prove, furthermore, that the dynamic process concerned is related pri- 
marily to the changes that are initiated by the rising potential; the break 
of the constant current during the steady state contributes little if any- 
thing to the summation interval. It is even conceivable that the sudden 
break tends to abolish a summation interval that is potential at the 
moment. 

It would be interesting to compare the maximum summation interval 
following the break of a constant current with the summation interval 
determined by a brief induction shock. In the absence of a systematic 
investigation of the summation intervals following the break of brief 
constant currents we cannot be sure that we have succeeded in determining 
that maximum. With the information now available, however, it is ob- 
vious that the two maxima are of the same order of magnitude; thus at 
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12°C. the maximum constant current summation interval we have en- 
countered has been 1.2 o; it was determined by a 0.2 o constant current 
And at 12.8°C. we have recorded a summation interval of 1.6 ¢ following 
a break shock lasting 0.04 ¢. In both instances the sensitizing currents 
had a strength of 90 per cent of threshold. 

The results we have obtained with constant currents of brief duration 
confirm those recorded in the preceding paper in showing that the length 
of the summation interval within limits is independent of the duration of 
induction shocks, but is related to shock strength. The fact that the 
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Fig. 11. (7/24/30) The irritability responses associated with the break of a long 
constant current. Ordinates, amplitude of action potential in per cent of normal. 
Abscissae, sigmas, upper scale for dot, cross and circle curves; lower scale for A and 


< 


V curves; zero marks the constant current break. 

Dots and crosses; at the cathode, 30.0°C. 

Circles at the anode, 30.0°C. 

A; at the cathode, 15.0°C. 

V ; at the anode, 13.0°C. 

The Rs mark the ends of the corresponding relatively refractory phases. 


break of the constant current contributes little if anything to the sum- 
mation interval accounts, at least in part, for this result. 

The negative phase. The final stage following the break of the constant 
current is the well-known phase of postcathodal depression. In cold nerve 
(12° to 15°C.) the irritability, plotted in the form of a curve, makes a 
broad sweep downward reaching minimum somewhere between 0.5 and 
3.0 o after the break, usually between 1 and 2c. At room temperature 
the low point is found in the vicinity of 0.3 to 0.4 after the break. The 
return to the normal level is much slower, and, as in the case of induction 
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shocks, occupies about the same time at any given temperature above 
12° to 15°C. as the recovery from relative refractoriness (see fig. 11). 

In order to convince ourselves that this depression in irritability actually 
is the result of prior cathodal polarization, in a few experiments data have 
been obtained for the plotting of the irritability changes developing at the 
anode when a subrheobasic constant current is broken. Excepting 
possibly some quantitative differences, which we are not in a position to 
insist upon at the present time, the irritability curves thus obtained are the 
postcathodal curves inverted (see fig. 11). If confirmation were needed 
of the conclusion recorded in the preceding paper to the effect that the 
depression of irritability following the summation interval produced by 
a subthreshold cathodal induction shock is a postecathodal depression, 
it is supplied by these observations on the irritability changes developing 
at the anode and cathode following the break of a constant current. 


20 0 2 4 6 8 


Fig. 12. (7/26/30) The irritability changes (at the cathode) accompanying 
polarization by a current rising at less than the liminal rate. Ordinates, amplitude 
of action potential in millimeters; abscissae, time in sigmas. The current begins to 
rise at zero. 


The depression following the break of a subrheobasic cathodal polariza- 
tion in many ways seems to resemble the fall to the maintained level 
following the plateau stage developed by the make. It is extremely, 
difficult, however, to obtain exactly comparable data, and we have not 
made a special effort to get them. The resemblances, stated in general 
terms, are these: both vary alike with the polarization strength, and in 
respect to depth and duration they are of the same order of magnitude 
under the same conditions. Therefore, if the drop to the maintained level 
is the expression of the development of depression due to the action of the 
current on the nerve, the postcathodal depression, as has been mentioned 
before, could very well be accounted for on the basis of exposure of the 
prior depression by the disappearance of cathodal enhancement of irri- 
tability. 

The liminal gradient effect. Finally, two consistent observations have 
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been made on the changes in irritability oecurring in nerve at the cathode 
of a current that is made to increase to a relatively high intensity but at 
such a rate that stimulation fails to occur. The results of one of the 
experiments are shown in figure 12. The wiring diagram (fig. 13) shows 
that with the break of the short circuit the potential drop through the nerve 
increases as the 1 microfarad condenser charges through something less 
than 50,000. This condenser would acquire half its charge in something 
less than 370. Since the significant part of the experiment is completed 


Fig. 13. (7/26/30) Diagram of circuit to test the irritability changes determined 
by a current rising at less than the liminal rate. 


in about 6 ¢, it is obvious that, practically speaking, the applied potential 
to which the nerve reacts grows linearly. A battery of 7.6 volts was used 
as the source of current. As the strong currents employed rapidly damage 
the nerve it was necessary to carry through the experiment just as quickly 
as possible. Therefore, the measure of irritability used was the height 
of the action potential. 

The curve shows that the irritability of the nerve first rises, but at a 
decreasing rate, and then falls, more rapidly than it rose, to a level far 
below normal. From this state of subnormal irritability the nerve recovers 
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slowly and incompletely; obviously it is in a state of cathodal depression. 
The experiment convincingly shows what has been inferred by others (for 
example, Bishop, 1928 a), that one of the reasons for the failure of nerve 
to respond to a current rising in intensity at less than a certain rate is the 
ultimate supervention of cathodal depression. It is of interest to point 
out here that the irritability curve recorded in this experiment has the 
same general form as the one (see fig. 5) expressing the relation between the 
irritability of nerve obtaining during the steady state following the make 
of a constant current and the strength of the constant current. 


SUMMARY 


By methods involving the direct registration of the amplified action 
potential with the cathode ray oscillograph, determinations have been 


Fig. 14. Diagram summarizing the irritability responses at the cathode of a long 
(30c) subrheobasic current. The rectangular figure gives the position of the make 
and the break of the polarizing current. Ordinates, irritability; abscissae, time in 
sigmas. For further description see text. 


made of the “irritability” of nerve as affected by short periods of po- 
larization. 

The alteration in irritability at the cathode of a constant current of 
just subrheobasic strength, acting on nerve at a temperature of about 
15°C. (for example), is shown diagrammatically in figure 14. (The 
Qo of many of the features is about 1.6.) 

With the make the observed irritability (heavy curve) rises quickly to 
a plateau which, at about 2 c, is terminated abruptly by a decline in 
irritability, concave upwards, which approaches asymptotically the level 
maintained by polarization. 

This picture can be closely matched by the algebraic addition of two 
curves, one (J) rising quickly, the other (D) falling slowly, from the Jevel 
of normal irritability; and evidence is given indicating that the falling 
curve (D) represents an action of the current depressing irritability, the 
rising curve (J) an action of the current enhancing irritability, both 
initiated simultaneously. 
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The change in the configuration of the action potential when nerve is 
cathodally polarized is consistent with the conclusion that the rising as 
well as the falling phase of the axon action potential is abbreviated by 
polarization. 

The decline of the irritability curve, beginning (at b) before the con- 
stant current breaks, seems to be determined by axon latencies ranging 
in duration, with shocks of all strengths, between the utilization period of 
the shock, or slightly thereafter, and a value greater than the time to 
maximum of the action potential. This range is wider in polarized than 
in normal nerve. 

The existence of a summation interval following a shock, signifying, as it 
does, that the nerve is held in a state of enhanced irritability for an appre- 
ciable period in the absence of the current, suggests the possibility that we 
are dealing here with a device which puts the nerve in a position to respond 
to a brief current or other stimulus at any time within the range of the 
summation interval, which then would be the range of latencies also. 

The break of a long, slightly subrheobasic, constant current is followed 
by an almost negligible summation interval, c. As this same current is 
shortened in duration (for the sake of clearness, from behind) the sum- 
mation interval increases to a maximum that is reached when the break 
occurs during the plateau, and diminishes again with briefer currents. 
But if, as the current is shortened, its strength be maintained at a just 
subthreshold level, the summation interval does not shorten, it may even 
lengthen, as the current duration becomes less than the time to the plateau. 

It is concluded that the summation interval is determined by a dynamic 
rather than by a static process, the break of the current probably con- 
tributing little if anything to it. 

The break of the constant current is followed by the period of post- 
cathodal depression, d, which, very generally speaking, varies in depth and 
duration as the depression following the plateau. 

The postcathodal depression has about the same duration as the rela- 
tively refractory phase. 

In nerve that is being polarized cathodally at less than the liminal rate, 
irritability first rises, but finally falls and becomes subnormal due to 
cathodal depression. 
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That the sensory fibers involved in the vomiting reflex are follow path- 
ways of the autonomic nervous system is not accepted by all investigators. 
In the progress of experimental work that involved injecting solutions 
into isolated pyloric pouches of dogs, an opportunity presented itself to 
study this problem. 

It was found that distention of pyloric pouches until the pressure within 
the pouch reached a definite level invariably induced vomiting. The 
pouches were prepared by a modified two-stage Polya resection type of 
operation, which involved complete section of the wall of the stomach 
through the so-called prepyloric and the pyloric sphincters. Ivy and 
Oyama (1921), and Lim and Dott (1922) consider that such pouches are 
denervated of vagus fibers. As the vomiting was invariable, it appeared 
that either the afferent fibers passed over the pathways of the sympathetic 
nerves, or that the supposedly denervated pouches contained vagus fibers. 

In the past, the autonomic nervous system was believed to be entirely 
made up of efferent fibers. Gaskell’s view that the sympathetic system 
is made up of two elements, one of which is motor cells that have migrated 
from the central nervous system, and the other, their communicating 
fibers, is well known. The sympathetic system does not contain afferent 
fibers, and all reflex ares involving this network have fibers of the central 
nervous system on the afferent side. 

Langley (1903) stated his belief that all nonmedullated fibers are efferent 
and that the sympathetic system is not complete but consists purely of 
excitor neurones. Langley and Anderson concluded that the two supposed 
examples of sympathetic reflex ares, namely, the salivary reflex through 
the submaxillary ganglion and the vesical reflex through the inferior mesen- 
terie ganglion, are so-called axon reflexes and not true reflex ares. 

Miller (1911) studying the pathways involved in the emetic action of 
mustard, reached the conclusion that the vagus nerve is the only afferent 
pathway, as vagotomy definitely inhibited that action. Tilney and Riley 
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expressed the belief that the vagus and glossopharyngeal nerves are the 
afferent pathways of vomiting reflexes. 

Ranson (1918) stated that satisfactory evidence is lacking of afferent 
neurones having their cell bodies in the sympathetic system, and that all 
visceral reflex ares must pass through the central nervous system, except 
local myenteric reflexes within the wall of the intestine. 

Lewandowski (1919) was probably the first investigator to imply that 
the autonomic system included afferent fibers from the viscera. These, 
if they existed, might be the afferent fibers in vomiting reflexes. 

Hatcher and Weiss (1922), following the work of Hatcher and Eggleston 
(1912) who proved that the emetic action of the digitalis bodies is central, 
believed that reflex nausea and vomiting caused by these bodies is through 
direct action on the heart, stimulating afferent fibers in that organ which 
pass along the pathways of the sympathetic nerves, but also pass in part 
by the vagus nerve to the medullary vomiting center. This belief was 
based on the results of the actions of drugs in acute experiments, and as 
such are not fully accepted by all investigators. Alvarez (1928) accepted 
fibers passing along the autonomic system as being afferent fibers in the 
reflex arc. 

METHODS AND RESULTS. When it had been definitely established that 
distention of four of these pyloric pouches invariably produced vomiting, 
the pressure within the pouch necessary to initiate the reflex was measured 
by a T apparatus. One arm of the crosspiece was connected to a retention 
catheter in the pouch, the other to a mercury manometer, and the remain- 
ing portion of the T was used as the water supply to the system. It was 
found that a pressure of from 30 to 35 mm. of mercury was necessary to 
initiate the reflex. This remained remarkably constant, regardless of the 
solution used. Water, dilute acids, alkalis and mustard were used. 

Vagotomy was done on three of the four dogs by the transpleural ap- 
proach through an incision made in either the seventh or eighth intercostal 
space as suggested by Beaver and Mann. These and other operative pro- 
cedures were carried out under ether anesthesia, and sterile technic. A 
section of the right vagus nerve several centimeters long was resected to 
preclude regeneration, the mediastinum was broken posteriorly, and the 
left vagus nerve was similarly resected. 

Two of the three dogs so prepared could no longer be induced to 
vomit by distention of the pouch, although pressure within the pouch was 
raised to about twice that which invariably induced emesis before vagot- 
omy. Distention of the pouch of the third dog continued to induce vomit- 
ing. The right sympathetic chain was evulsed from this dog, using a trans- 
pleural approach, from a point just below the diaphragm to well up into 
the thorax, six rami being removed. This procedure had no effect on the 
vomiting reflex. Similarly, removal of the same length of the left sympa- 
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thetic chain did not have any effect on the reflex. It was suggested that 
there might be some fibers in the right phrenic nerve which were acting as 
afferents to the are, and right phrenicectomy was done in the neck, but the 
status of the reflex did not change. 

At this stage it was believed that possibly a branch of the vagus nerve 
had been left intact during vagotomy, and the vagi were explored through 
the old right intercostal incision. It was found that the left vagus had 
split into two branches at a point higher than usual, and that only one 
branch had been resected. The other branch was resected, following which 
vomiting could no longer be induced by distention of the pouch. A splen- 
did control had been inadvertently established through a fortunate error 
in technic. In all the experiments, therefore, vagotomy prevented the 
invariable reflex of vomiting, as produced by distention of a pyloric pouch. 

Pouches of the fundus of the stomach were distended many times in 
unsuccessful attempts to induce emesis, as were pouches of the pylorus and 
fundus that had been transplanted into the subcutaneous tissue after the 
method of Ivy and Farrell (1925). It is not to be expected that vomiting 
could be induced by distending these pouches, as they are truly denervated, 
and there is no evidence at present that vomiting can be induced through 
a humeral mechanism. 

ComMENT. In the light of the views of various observers it is not sur- 
prising to find that the afferent are in this particular vomiting reflex is 
purely through the vagus. The work of Hatcher and Weiss (1922) is the 
basis of the idea that the fibers of the autonomic system may act as affer- 
ents in this are. In their experiments the heart is the site of the stimulus, 
and it is possible that afferent impulses may leave this organ along tracts 
of the sympathetic nerve fibers. Evidence is not available to support the 
idea that a stimulus arising within the gastro-intestinal tract can induce 
vomiting by producing sensations that pass along autonomic nerve fibers. 

It is interesting to note that the pouches which were supposedly free of 
intact fibers of the vagus actually were not completely denervated. Un- 
doubtedly a good proportion of these fibers have been severed, but enough 
remained for the purpose of setting up at least this reflex are when stimu- 
lated. What effect this may have on experimental work with secretion 
or pyloric pouches so prepared is problematic. 

Why distention of the antrum of the stomach will induce vomiting, 
whereas distention of the fundus will not, is as yet unsolved. The fibers 
of the vagus probably enter the pouches by either or both of two paths 
with the sympathetic nerves along blood vessels, or with a branch of the 
vagus from the liver to the pylorus. Bayliss and Starling (1899) have 
shown that the vagus gives a branch to the solar plexus, and it is possible 
that some of these fibers are distributed to the wall of the stomach along 
with the nonmedullated fibers. Whether these fibers do not reach the 
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fundus, or whether the branch of the vagus from the liver carries all the 
impulses from the antrum which induce emesis has not been determined. 
The significance of distention of the antrum as a mechanism of inducing 
vomiting is also unknown. It would seem that it would be one of the most 
physiologic stimuli acting on the intact stomach, but there is no evidence 
that it is a more important stimulus to vomiting than any other stimulus 
that arises in other organs, or that is induced either directly or indirectly 
by the actions of drugs and other substances on the vomiting center. 


SUMMARY 


Reflex vomiting can be induced by distending an isolated pyloric pouch 
until the pressure within the pouch rises above a certain constant level 
which can be definitely measured. 

The afferent side of this reflex arc is entirely through the vagus nerves. 

Supposedly denervated pouches contain enough intact vagus fibers to 
carry these afferent impulses. 
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I. Previous work. Dreyer (1898) was the first observer to demon- 
strate that electrical stimulation of the peripheral end of the splanchnic 
nerve increases the output of adrenalin from the adrenal gland. In 1908 
Lehndorff took blood pressure tracings while stimulating the peripheral 
splanchnics and obtained a curve consisting of a first and then a second 
rise. However, he did not mention adrenalin in the interpretation of his 
curves. Later Anrep (1912) stimulated these same nerves and observed 
an increase in the rate and tone of the denervated heart coincident with 
this secondary rise in blood pressure. When he clipped the adrenal veins 
there was no secondary rise and no cardiac change. He concluded then 
that “the secondary rise and all concomitant phenomena were due to the 
discharge of adrenalin into the circulation, and were absent after extirpa- 
tion of the adrenal glands.”’ 

On the other hand Gley and his co-workers (1913, 1916, 1917, 1921, 1923) 
reported than in most dogs the secondary rise occurred even after double 
adrenalectomy. The same was found to be true of the cat, so that on the 
whole they were not in accord with the idea that the secondary rise was 
due to secreted adrenalin. 

Pearlman and Vincent (1919) found on both cats and dogs that the 
blood pressure curve of splanchnic stimulation was seriously modified by 
elimination of the glands, although the total rise in pressure after adrena- 
lectomy might even be greater than before. Their typical control curve 
consisted of a sharp primary rise with a step about half way up, then a 
“dip” followed by a secondary rise. After removing the glands they found 
the dip to be absent, so attributed its presence before adrenalectomy “to 
the discharge of adrenin in such doses as to produce a depressor effect.” 

Thus, while all workers are agreed that the primary rise is due to con- 
striction of the splanchnic blood vessels from nervous activation of the 
vessel musculature, these contradictory interpretations of the secondary 
rise exist: 1, it is due entirely to pressor effects of adrenalin secreted by the 
adrenals; 2, it has no relation to the adrenal glands; 3, the dip between 
rises is due to the secretion of ‘depressor doses” of adrenalin. 
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II. PRESENT EXPERIMENTS. Because of this confusion about the 
cause of the secondary rise the present work was undertaken. Observa- 
tions were made on sixty dogs under ether or barbital anesthesia. Through 
a midline incision the right splanchnic nerve was isolated and cut and the 
right adrenal gland removed. The left splanchnic was then isolated and 
cut and the peripheral end stimulated with either plain or shielded elec- 
trodes. Figure 1A is a tracing showing the effect on carotid blood pressure, 
of such a stimulation, the left adrenal still being intact. This kind of 
secondary rise coming just as the primary vaso-constriction has ceased we 
believe to be due mainly to the secretion of adrenalin by the adrenals 
because; 1, it is obtained in this form only when at least one adrenal is in- 
tact; 2, it is always modified (but not obliterated) by adrenalectomy or by 
occluding the lumbo-adrenal veins; 3, it is only with such a rise that dilata- 
tion of the sensitized pupil was seen. 

After the second adrenal has been removed without injury to the splanch- 
nies curves as in figures IB and 1C were usually obtained. The curve is 
seen to consist of a sharp primary rise, a dip, and then a secondary rise 
with a subsequent drop to the pre-stimulation level. Frequently the 
secondary rise following the dip was higher than the primary rise. 

Often even before the second adrenal was removed curves similar to those 
of figures 1B and 1C were obtained. This may probably be explained on 
the basis of the work of Elliott (1912), who showed that ether, chloroform, 
and other anesthetics exhausted the adrenalin supply of the glands if the 
splanchnics were intact. If then the adrenals are exhausted of adrenalin 
even before the control stimulation, the blood pressure curve before ad- 
renalectomy would have the same appearance as after removal of the 
glands. Thus when Gley believed that adrenalectomy did not modify the 
blood pressure curve of splanchnic stimulation it may have been because 
he did not obtain the true adrenalin secondary rise before extirpation, 
simply because the anesthesia had depleted the adrenalin store of the 
gland. Furthermore Lehndorff’s curves (1908) in his figures 2 and 6, both 
obtained before adrenalectomy, are almost identical with our curves in 
figures 1A and 1C respectively, the former taken before adrenalectomy, 
the latter, after. His curve of figure 6 is probably entirely independent 
of the adrenal glands although these were anatomically still intact. 

Stimulation of either splanchnic after bilateral adrenal extirpation 
usually elicits similar curves, but occasionally one nerve fails to give a 
typical result. Rarely neither splanchnic gives the secondary rise, unless 
there has been undue trauma, or injury to the nerve, in which case the 
primary rise is also poor or even entirely lacking. The kind of anesthesia 
used is also a factor, for secondary rises were obtained more often when 
barbital was used. 

III. PosstmnLE MECHANISMS INVOLVED. Concerning the cause of the 


Fig. 1. Carotid blood pressure curves from peripheral splanchnic nerve faradiza- 
Figures indicate millimeters of mercury. Signal marks application of stimu- 
Right adrenal has been re- 
B, C. Residual 


The same, except that 


tion. 
lus. Time intervals are five seconds. A. Control. 
moved, left adrenal still intact. Stimulation of left splanchnic. 
secondary rises after bilateral adrenalectomy. D, E, F. 
several rises are seen. 
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residual secondary rise after bilateral adrenalectomy these mechanisms 
were considered. 1. Refleres. Perhaps the elevated blood pressure 
of the primary rise might stimulate afferent nerves which would re- 
flexly affect the heart or vaso-motor system in such a way as to bring 
about a second elevation. In adrenalectomized animals with double 
splanchnectomy, double vagotomy, or spinal cord section (at cervical 7) 
the secondary rise still persisted. Furthermore, this effect was observed 
immediately after cord section in the period of spinal shock, when presum- 
ably all reflexes are extremely poor or entirely abolished. 

2. Direct cardiac stimulation. In addition to reflexes acting on the 
heart, changes in output might occur either through substances elaborated 
elsewhere than in the adrenals, or through changes in coronary pressure 
(Guthrie and Pike, 1907). The former possibility seemed to be excluded 
on the basis of experiments by Cannon (1922). The slight acceleration 
of the denervated heart which occurred on splanchnic stimulation after 
double adrenalectomy was practically abolished after section of the nerves 


TABLE 1 


Average heart rates accompanying changes in blood pressure following peripheral 
splanchnic stimulation in 12 adrenalectomized dogs 


HEART RATE DURING 


Primary | Primary | Second- | Second- | ,. 
3 Control 


Contro 
ntrol rise | fall ary rise | ary fall 


Average of 22 cases of stimulation...) 127 134 3 137 119 121 
Single stimulation in dog 32......... 86 55 f 84 87 90 


to the liver. In our experiments the secondary rise in blood pressure after 
adrenalectomy was not abolished by so denervating the liver. In later 
work Cannon (1931) reports instances of cardiac acceleration from splanch- 
nic stimulation even after adrenal extirpation and liver denervation. 

However, the possibility of cardiac acceleration being a factor respons- 
ible for the secondary rise can be eliminated from the following considera- 
tions. The average heart rates during the different stages of the blood 
pressure curve in twenty-two instances of stimulation are shown in table 
1. It must be borne in mind that these rates do not refer to denervated 
hearts and are thus not comparable to Cannon’s data on the rate of the 
denervated heart. The question involved here is whether the intact heart 
increases its rate sufficiently to account for the secondary blood pressure 
rise. 

In general it will be seen that the heart rate changes are in the same 
direction as the blood pressure variations. In six individual cases, how- 
ever, there was an increase in rate with the primary fall, and a decrease 
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with the secondary rise. The heart rates in the most striking of these 
cases appear in line 2 of table 1. Furthermore, changes of rate of the 
order of magnitude indicated in line 1 of this table would probably be 
inadequate to account for the great changes in pressure sometimes ob- 
served. It is more likely that the increases in rate usually seen during the 
secondary rise are the result of the increased blood pressure and conse- 
quently improved coronary circulation, rather than the cause. For in- 
creases in rate equal to those of the secondary rise are also seen during the 
primary rise, which is admittedly a purely vaso-constrictor phenomenon. 

The possibility must also be considered, of an increased stroke volume 
resulting from some change in the heart (e.g., increased coronary pressure ) 
induced by the primary blood pressure elevation. Such an action would 
seem to be excluded on the basis of the fact that, although stimulation of 
either splanchnic elicited excellent and equal primary rises, presumably 
leading to equal changes in coronary pressure, yet only one splanchnic 
gave a secondary rise, in some animals. 

3. Peripheral mechanisms. That this blood pressure curve was not due 
to any sort of rhythmic after-discharge either from the nerve at the point 
of stimulation, or from the coeliac ganglion, was shown in the following 
way: After cessation of stimulation, when the primary rise was at its 
height, the splanchnic nerve was cut about a half inch peripheral to the site 
of stimulation in such a way that the coeliac ganglion was also removed. 
This procedure had no effect on the curve. 

We may conclude from all the above experiments that the secondary rise 
after adrenalectomy is due to the activity of some peripheral mechanism, 
some splanchnic nerve-end organ complex. The following of these were 
considered: 

a. Hepatic pressor substance. It seemed reasonable to expect that the 
cardio-accelerator substance which Cannon (1922) demonstrated to be 
liberated from the liver on splanchnic stimulation is also a pressor sub- 
stance. Elsewhere is mentioned the fact that denervation of the liver as 
described by Cannon resulted in no change in the blood pressure curve in 
the adrenalectomized animals. 

b. Splenic contraction. With the idea of removing any blood pressure 
changes which might be induced by the contraction of the splenic smooth 
muscle, the spleen was temporarily cut out of the circulation after adrena- 
lectomy. The splanchnics were then stimulated, and the typical curve 
with the double rise was again seen. 

c. “Adrenalin” from chromaffine tissue. Could this secondary rise be 
due to the liberation of an adrenalin-like substance from the chromaffine 
bodies known to exist in the splanchnic region? If this were true, the 
presence of the material in the blood stream should produce effects on other 
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tissues than the blood vessel musculature. In 1904 Meltzer removed the 
superior cervical ganglion in rabbits and cats and after a few days found 
the pupil to be sensitive to adrenalin in amounts too small to affect the 
pupil of the normal eye. Elliott (1912) found that in doubly adrenalec- 
tomized cats with one superior cervical ganglion removed, stimulation of 
the splanchnies led to slight pupillary dilatation in a few cases. He sug- 
gested that this might result from adrenalin liberated by the paraganglia or 
by the actual processes of nervous excitation, or from other metabolites 
Hartman (1923), using the supersensitive eyes of cats, reports little or no 
response on stimulation of the splanchnics after adrenalectomy. Stewart 
and Rogoff, however (1916), in the same experiment on dogs, found that 
the response of the partially denervated eye was due solely to adrenal 
adrenalin, and was absent when the venous path from the glands was 
blocked. Our results on dogs confirm those of Stewart and Rogoff. The 
discrepancy between the positive and the negative results of these investi- 
rators, may possibly be explained on the basis of species differences. Per- 
haps the pupil of the cat’s eye is more sensitive to adrenalin-like sub- 
stances than that of the dog. Or perhaps splanchnic stimulation leads to 
the liberation of more such material in the cat than in the dog. At any 
rate, the negative experiments do not preclude the possibility of a pressor, 
adrenalin-like substance being responsible for the secondary rises. 

Nor does the fact that the secondary rises in figures 1B and 1C (after 
adrenalectomy) appear later than in figure 1A (control) negate the possi- 
bility of such a mechanism. This longer latent period might merely mean 
that the substance is not as readily available for secretion as is adrenalin 
from the adrenals, and the beginning of the response, therefore, is delayed. 

The secondary rise may be another manifestation of the phenomenon 
described by Cannon (1931) in which he concludes that smeoth muscle 


under sympathetic control may be made to liberate a substance with an 


adrenalin-like action when its motor nerve is stimulated. 

d. Peripheral vascular rhythm. Might not the residual secondary rise 
be a manifestation of a rhythmical vascular response to stimulation? For 
in some cases there are observed not only two rises, but three (fig. 1D) 
or even more (figs. 1E and 1F), especially if the stimulation is prolonged. 
When Carlson (1907) stimulated the cervical sympathetic in the cat, which 
carries a predominance of vaso-dilator fibers, he observed occasionally a 
rhythmical variation in the blood flow from the submaxillary gland. This 
observation would also be in accord with the idea that blood vessel muscu- 
lature responds to nervous stimulation by rhythmical variations in tone. 
The heart is a modified blood vessel, and it is not inconceivable that its 
characteristic property’ of rhythmical activity is possessed by blood vessels 
in general. 
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IV. CONCLUSIONS 

1. The secondary rise in blood pressure on peripheral splanchnic stimu- 
lation is partly due to the secretion of adrenalin from the adrenals, and 
partly due to some other factor, for it is seen in modified form after double 
adrenalectomy. 

2. The residual secondary rise is not due to reflexes, contraction of the 
spleen, or liberation of a pressor or cardio-accelerator substance from the 
liver, and is probably not due to increased cardiac output. Nor is it the 
result of any sort of intermittent after-discharge from the stimulated region 
of nerve, or from the coeliac ganglion. 

3. It is believed to be a peripheral phenomenon involving a splanchnic 
nerve-end organ mechanism. This end organ may be chromaffine tissue 
liberating an adrenalin-like substance, or some other tissue possibly the 
blood vessel musculature, elaborating a pressor substance (i.e., Cannon’s 
“sympathin’’). Or it may be rhythmically contracting vascular muscula- 
ture. 


The suggestions and advice of Doctor Carlson in this work were in- 
valuable. 
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Various workers, notably Buchanan (1908), Jolly (1911), Forbes and 
Gregg (1915), Eccles and Sherrington (1931) and Eccles (1931), have 
calculated the delay of nerve impulses in the spinal cord subsequent to 
ipsolateral or contralateral reflex stimulation. All of these workers have 
used decerebrate or spinal animals. In such preparations only a small part 
of the nervous system exerts an influence upon the are or ares studied. 
Since it is generally conceded that the most variable factor in reflex time 
determinations is the state of activity of higher neural levels the above pro- 
cedure gives no clues to the actual relationships as they exist in the normal 
animal. Recent work by Lashley and his co-experimenters has definitely 
denied the validity of atomism in neurophysiology and convincingly 
pointed to the importance of the entire nervous system in the interpre- 
tation of results gained from experimentation on any integral part. 

The present paper reports the measured latency in the neurally intact 
rat’s Achilles reflex arc for the receptor, for the spinal cord synapse or 
synapses, for the myoneural junction and such latency in the spinal cord 
for the crossed flexion reflex. 

APPARATUS AND METHOD. The amplifying-recording unit and the 
method of reflex elicitation have been described in detail elsewhere (Travis 
and Dorsey, 1931; Herren and Haterius, 1931). For recording nerve 
action currents the electrodes consisted of two 2 mm. apart non-polarizable 
(silver-silver chloride) wires bent to encompass partially the nerve. For 
recording muscle action currents the electrodes consisted of two 2 mm. apart 
non-polarizable (silver-silver chloride) wires flattened to rest upon the 
belly of the muscle. 

The animals used were eight mature, white and hooded, male and female, 
rats. In all of them, under ether anesthesia, the sensory and motor roots 
of the left fifth spinal nerve, the left internal popliteal nerve and the left 
gastrocnemius muscle were exposed. Experiments were not undertaken 
until fifteen to twenty minutes after the anesthesia had been discon- 


1 The authors wish to express their gratitude for the facilities and assistance given 
them by Professor Lee Edward Travis in whose laboratory this work was done. 
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tinued. Despite the fact that the anesthetic had been discontinued and 
the animals allowed to recover (as judged by ability to walk around with- 
out staggering and an interest in their surroundings) the animals when 
placed for recording showed no evidence of discomfort and did not struggle. 
Records were taken from the sensory and motor roots of the fifth lumbar 
nerve, from the internal popliteal nerve, and from the gastrocnemius muscle 
following maximal mechanical stimulation of the left Achilles tendon. 
From this series of records it was possible to measure all synaptic delays 
in the ipsilateral reflex. Records were also taken from the left fifth lumbar 
motor root following stimulation of the right Achilles tendon. From this 
series of records the delay within the spinal cord was measured for the 
contralateral reflex. Although electrical stimulation of the fourth lumbar 


TABLE 1 


The latencies in sigma for the ipsilateral sensory and motor roots, for the internal 
popliteal nerve and for the gastrocnemius muscle following Achilles reflex stimulation. 
Also the latency for the contralateral motor root following Achilles reflex elicitation 
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Left sensory Left motor Left internal Left gastroc- 
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root root popliteal nemius Left motor root 


0 
0 


or or or 


S 


2 
9 
3 
2 
9 
2 
2 
3 


motor root showed dorsiflexion of the foot with a weaker induced current 
than did stimulation of the motor root of the fifth lumbar nerve, pre- 
liminary experiments showed sufficient flexion fibres in the latter to 
give action currents with a latency the same as that in the fourth lumbar 
nerve. 

All times reported herein are the averages of from five to seven con- 
secutive reflex jerks. 

Resutts. In table 1 it will be noted that there are two series of times 
recorded from the internal popliteal nerve. The shorter of these is inter- 
preted as being the latency of the receptor, hence sensory in nature, and 
the longer as being the motor discharge. In order to dispel suspicion that 
this short time might result from interference in our apparatus such as 
“picking up”’ the signal circuit (the instant of stimulation is recorded by 
closing a circuit in which there is a previously charged condenser, (Herren 


RAT 
1 3 5.0 
2 7 5.1 
3 0 5.0 
4 9 6.1 
5 1 5.6 
6 2 5.0 
7 6 4.8 
8 6 6.8 
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and Haterius 1931) we discharged this circuit through the animal and found 
that it was invariably recorded within half a sigma, usually less. 

Table 2 shows the latencies of the receptor, the central synapse or 
synapses, and the myoneural junction of the ipsilateral reflex. This table 
shows also the central latency of the contralateral reflex. The figures 
for the latency of the receptor were derived by reading the shorter of the 
two times recorded from the internal popliteal nerve. The central reflex 
time was obtained by subtracting the reading off the sensory root from that 
off the motor root. The latency for the myoneural junction was obtained 
by subtracting the longer of the two times recorded off the internal pop- 
liteal nerve from the time recorded off the gastrocnemius muscle. The 
crossed central reflex time was obtained by subtracting the time recorded 
off the left sensory root, following left Achilles tendon stimulation, from 


TABLE 2 


Latencies in sigma for the receptor, the ipsilateral and contralateral central synapse or 
synapses, the myoneural junction and the transmission time for motor and 
sensory sciatic fibers during Achilles reflex elicitation 
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that recorded off the left motor root following right Achilles tendon stimu- 
lation. This procedure was considered valid since Herren and Fossler 
(1931) reported that in the preliminary experiments of their work 
crossed flexion reflex time in rats was the same on both sides. It is there- 
fore thought that impulses set up by striking either Achilles tendon would 
be conducted to the spinal cord in the same interval of time. In addition 
table 2 shows the time required for the transmission of both sensory and 
motor impulses over the same interval of nervous tissue— the sciatic nerve. 
The values for the transmission time of the sensory impulses were derived 
by subtracting the receptor time from the time recorded off the sensory 
root. Those for the motor transmission time were obtained by subtract- 
ing the reading off the motor root from the longest reading recorded off 
the internal popliteal nerve. 
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It was singular that regardless of whether the records were taken off the 
spinal roots or off the internal popliteal nerve the amplitude and duration 
of the action current flow was always greater in the motor thanin the sensory 
discharge. 

Discussion. In all but one case table 2 shows the crossed central 
reflex time to fall short of twice the ipsolateral central reflex time by a 
variable figure. Previous workers have found on decerebrate or spinal 
animals that crossed central reflex time approximates a value twice the 
ipsolateral central reflex time much more closely than do our results for 
the same measure. Two factors are probably rseponsible for this dis- 
crepancy. The first of these is that in decerebrate or spinal preparations 
the normal inhibitory action of the higher neural levels is removed. This 
condition would allow an impulse to pass over the arcs involved with no 
impedance. The second factor is that Herren and Fossler (1931) have 
recently demonstrated a differential in these two arcs in the inhibition of 
upper on lower neural levels. They showed that the crossed flexion reflex 
in rats is normally not under the upper motor neurones, inhibitory control 
to the same extent as is the ipsolateral extension reflex. These two 
factors in preparations such as were used in this study would operate to 
bring about such results as are presented here. 

The latency of our myoneural junction is considerably longer than that 
reported by others. Also our total reflex time is considerably longer (in 
general about three sigma) than the normal for our mature animals of a 
similar weight range. However, inasmuch as our animals were very prob- 
ably partially under the effect of ether at the time of experimentation— it 
is doubted that twenty minutes is sufficient time for the complete removal 
from the animal of ether or its effects— and inasmuch as Auer and Meltzer 
(1914) have reported a “curare like action”’ for ether, the longer times for 
these latencies can be understood. 

It is interesting to note that an equal time is taken for transmission of the 
afferent and efferent impulses over the same interval of the same nerve 
trunk. Contrary to our results Eccles and Sherrington (1931) working 
on spinal cats have recently reported that the motor fibers conduct from 
two to three times faster than the sensory fibers in reflex dorsiflexion of the 
foot. We cannot explain this discrepancy but call attention to the differ- 
ence between the preparations used in the two studies and also to the fact 
that they elicited reflexes with induction shocks to the nerve trunk. 

The fact that the motor action currents are of greater amplitude and of 
longer duration than the sensory ones indicates an amplification process 
within the central nervous system for incoming impulses. This amplifica- 
tion may be conceived as indicating that any one sensory fiber must 
functionally communicate with several motor fibers Such a relationship 
has anatomical evidence for its support. On the other hand it is univer- 
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sally conceded that the most complex station in any reflex are is within the 
nerve center and that at this point the impressed sensory impulses are 
subjected to the influence of the existing nervous equilibrium (Travis and 
Dorsey 1929a, b; 1930), (Herren and Haterius, 1931), which could bring 
about this amplification. Again, this phenomenon may be reconciled 
with a growing conviction that the sheer mass of responsive tissue is an 
important factor in any nervous function (Lashley, 1929). The sensory 
side of the are may be conceived as consisting of only the receptors and the 
posterior horn cells and their processes. The motor side of the are how- 
ever may consist not only of the anterior horn cells and their processes but 
the entire remainder of the central nervous system. This explanation 
draws support from recent work which demonstrates that all parts of the 
cortex (Travis and Herren, 1931) and probably the cord (Travis and 
Fossler, 1931) are involved in reflex activity. 


SUMMAR) 


1. The range for the receptor latency of the Achilles tendon reflex in the 
rat is from 0.001 to 0.0015 second. 

2. The range for the latency of the central reflex time for the same reflex 
is from 0.002 to 0.0035 second. 

3. The range for the latency of the crossed central reflex time is from 
0.004 to 0.0069 second. 


4. The range of latency for the myoneural junction in the Achilles tendon 
reflex is from 0.003 to 0.0039 second. This is believed to be slightly 
exaggerated due to the anesthetic used. 

5. The transmission time for sensory fibers is about equivalent to the 
transmission time for motor fibers for the same interval of nerve tissue. 
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The means by which the stomach glands regulate the concentration of 
chloride in the secretion which they elaborate is yet to be explained satis- 
factorily on an experimental basis. Furthermore, all investigators are not 
in accord concerning the fundamental fact as to the normal concentration 
of chloride in the gastric juice. One group of workers, making observa- 
tions on human subjects, are of the opinion that the level of gastric chloride 
content is essentially the same as that of blood chloride, namely, approxi- 
mately 110 milli-equivalents—m.eq. (MacLean and Griffiths, 1928; Apperly, 
1925; Bulger and Allen, 1927; Bulger, Allen and Harrison, 1928; Bulger, 
Stroud and Heidemann, 1928). There are those who believe that much 
higher values for the concentration of gastric chlorides occur—114 to 171 
m.eq.—but that the ionic content of the gastric juice as found in the stom- 
ach is fairly characteristic for the individual although it may be constant as 
it leaves the glands (Polland, Roberts and Bloomfield, 1928). Lastly there 
are studies unanimous in their conclusion that the concentration of gastric 
chloride is approximately 160 m.eq. The fact that such a concentration 
of electrolyte is approximately the same as that observed in the blood has 
been regarded as indicating a causal relationship between the ionic content 
of these two fluids (Gamble and McIver, 1926, 1928; Berglund, Walquist 
and Sherwood, 1927; Hollander, 1928; Hollander and Cowgill, 1931). 

If appreciable changes in the ionic content of the blood could be produced 
experimentally, it would follow from the last theory stated above that the 
ionic content of the gastric juice would exhibit parallel changes. Such 
observations would indicate the true concentration of chloride in the gastric 


1 The data in this paper are taken from a dissertation presented by Alfred Gilman 
to the Faculty of the Graduate School of Yale University in partial fulfillment for the 
degree of Doctor of Philosophy, 1931. 

A preliminary report of this paper was presented to the American Physiological 
Society at Montreal, April, 1931. 
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juice and the means by which this level is maintained. This paper is a 
report of such experiments. 

EXPERIMENTAL PROCEDURE. Two dogs, one (A) possessing a Pavlov 
fundie pouch, and the other (B) a Heidenhain fundie pouch, were used in 
this study. Variation in the concentration of blood electrolytes was pro- 
duced by dehydration. It was found that, by depriving the animals of 
water for a period of three days, it was possible to produce a significant rise 
in the ionic content of the blood. When the dogs were allowed to drink, 
this value returned to normal. 

Gastric juice was obtained subsequent to histamine stimulation. As 
has been previously reported (Babkin, 1931; Gilman and Cowgill, 1931) this 
drug acts exclusively on those glands concerned with the elaboration of 
the chlorides of the gastric secretion. Subsequent to histamine injection, 
with increasing volume of secretion, there is an increase in acidity of the 
gastric juice. The total chloride content, however, remains relatively con- 
stant. When the rate of secretion and acidity reach their maxima, prac- 
tically all of the chloride of the stomach secretion is present as HCl, the 
concentration of both the basic and enzyme constituents of this fluid being 
at a minimum. The gastric juice obtained under these conditions was 
regarded, therefore, as being the truest representation of the chloride secre- 
tion of the stomach, and was used as a basis of comparison in the various 
experiments. 

The gastric juice was analyzed for total and acid Cl. Chloride represents 
practically all the anion of this fluid. Furthermore it is present in dilute 
solution, either as a strong acid (HCl) or as the salt of a strong base (NaCl). 
Consequently it may be considered to be completely dissociated. Thus 
the concentration of the total chloride of the gastric juice not only repre- 
sents the total ionic content of this fluid, but it also bears a direct rela- 
tionship to its osmotic pressure. Likewise the concentration of the fixed 
base of the blood is indicative of the total ionic content and osmotic 
pressure of that fluid (Gamble, 1923); consequently the examination of the 
blood was confined to a determination of this variable. Analyses were 
made on the serum, the method of Stadie and Ross (1925) being employed. 

Gastric juice was collected from the animals when in a normally hy- 
drated condition. Coincident with the collection of this juice, a sample of 
blood was drawn from the jugular vein. The dogs were then dehydrated 
and the experiment was repeated. Successive hydrations and dehydrations 
were performed until the results seemed conclusive. 

EXPERIMENTAL RESULTS. The results from dog A are illustrated in fig- 
ure 1. As can be seen from this graph, an increase in the concentration 
of blood electrolytes resuJting from the restricted water intake led to an 
equal and parallel increase in the concentration of chloride in the gastric 
secretion. For example, period 2 represents a time during which the ani- 
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mal was normally hydrated. At the conclusion of this period the concen- 
trations of gastric chloride and blood base were approximately normal, 


c————_ Period of Hydration 
Period of Dehydration 


Glucose 
Injection 


Gastric Total Cl 


Gastric HCl 


Glucose 


90 105 12@. 138 
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168.0 and 161.0 m.eq. respectively. Subsequent to this the dog was dehy- 
drated. The results of this procedure led to an increase in the total base 
concentration of the blood, the significantly high figure of 178.0 m.eq. being 
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obtained. At the same time the concentration of gastric chloride rose to 
183.2 m.eq. Subsequent hydrations and dehydrations led to successive 
decreases and increases in the levels of both blood base and gastrie chlorides 
as shown in the graph. 

The figures obtained from the analyses of these two fluids show the gas- 
tric juice to have a higher ionic content than the blood. This would imply 
that the first-named fluid is hypertonic. However the values representing 
the concentration of base are expressed as m.eq. per liter of serum. A 
much more accurate conception of the true ionic composition of this fluid 
»an be obtained if one determines the total solid content of the serum and 
corrects for this value. The results would be an expression of the concen- 
tration of fixed base per liter of water. Such a figure would be much more 
accurate in comparison with the gastric juice which has a negligible content 
of solids. The results of such a calculation are illustrated in figure 2 
(dog B). 

In figure 2 we see, as before that an increase in the electrolyte content of 
the blood leads to an equal and parallel increase in the total ionic content 
of the gastric juice. However, the value for the total base of the blood 
serum corrected for total solids is higher than the value expressing the con- 
centration of gastric chloride, the gastric value falling between the corrected 
and uncorrected blood figures. 

From the above experiments, it is impossible to state whether the blood 
and gastric juice are isotonic. A positive assertion in this regard must be 
reserved until accurate measurements of the respective osmotic pressures of 
these two fluids can be made; investigations designed to yield such data are 
now in progress. However, it is difficult to see how the above results can 
be interpreted in any other way than to imply that some osmotic relation- 
ship exists between blood and gastric juice, the total electrolyte concen- 
tration of the former being the influential factor in determining the concen- 
tration of ions of the latter. Inasmuch as chloride represents practically 
all of the anion of the gastric juice the above statement implies that the 
chloride concentration of the stomach secretion is regulated by the osmotic 
pressure of the blood. 

Discussion. Assuming the above statement to be correct, it is inter- 
esting to speculate as to the mechanism by which this osmotic equilibrium 
is maintained. If it be granted that the concentration of chloride in the 
gastric juice is such as to make this fluid approximately isotonic with the 
blood, it must of necessity follow that the gastric mucosa and cells of the gastric 
glands are impermeable to chloride ion. . If chloride were able to freely diffuse 
in either direction between the blood and gastric juice, then this ion would 
distribute itself so that its concentration in the two fluids would be the same. 
If H, OH and Cl were the only permeable ions and one assumed a Donnan 
equilibrium to exist between the blood and gastric juice, the level of chloride 
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in the stomach would be still less than that of the blood. Obviously 
neither of these conditions exists. It must therefore be assumed that the 
gastric walls are impermeable to this ion, the presence of chloride in the 
stomach juice being the result of an active secretory process of the parietal 
cells. If chloride, once transported across the cell walls into the lumen of 
the gastric glands is unable to return, then water would diffuse in either 
direction across the cell membrane until the fluids become isotonic. Such 
a diffusion might possibly take place in the lumen of the glands or as the 
juice flows over the mucosa, the former theory appearing to be the more 
logical. If chloride is secreted in dilute solution, then there would be an 
absorption of fluid as the juice passed into the stomach proper. Observa- 
tions of an increase in acidity of the gastric juice as it passes down the 
glandular lumen support this view, the increase in acidity according to the 
above theory being due to water absorption from, and consequent con- 
centration of the acid secretion. Dawson and Ivy (1926) offered such a 
suggestion to explain the differences which they observed between the 
staining reactions of the parietal cells and the fluid at the crypt of the gland. 
The experiments presented here are interpreted as additional evidence that 
such a water exchange takes place. 

This theory can be tested in another way. If the concentration of gas- 
tric chloride is determined by a water exchange between the blood and 
gastric juice, then any agent causing an increase in the osmotic pressure of 
the blood should bring about a corresponding increase in the osmotic 
pressure of the stomach secretion. In the experiments cited above, such 
an increase in the osmotic pressure of the blood was accomplished by dehy- 
dration. It also must follow that any substance introduced into the blood 
stream in high enough concentration to increase the osmotic pressure of 
that fluid should cause an increase in the chloride concentration of the 
gastric juice. Thus even such a substance as glucose, which, although 
not an electrolyte, exerts an osmotic pressure proportional to the number 
of molecules in solution, if present in the blood stream in sufficient concen- 
tration, should bring about a rise in the level of gastric chlorides. 

An opportunity to test this idea arose when it became necessary to sacri- 
fice a dog possessing a gastric pouch. The animal under amytal anesthesia 
was made to secrete in response to a histamine stimulus, this drug being 
injected at hourly intervals. When the concentration of the total and acid 
chloride of the gastric juice had become constant and characteristic, 100 ce. 
of a 50 per cent glucose solution were injected into the femoral vein. The 
result of the injection is shown in figure 3. After a latent period of 15 
minutes, there was observed an appreciable rise in the concentration of both 
total Cl and HCl. This lasted for 30 minutes after which the concentra- 
tions became normal and characteristic. It can be seen that the results of 
this experiment also confirm the working hypothesis. 
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In view of these confirmations it follows that there is a definite limitation 
with respect to the maximum acidity that the gastric juice is able to attain, 
namely, when practically all the Cl is present as HCl. That this maximum 
acidity, about 160 m.eq., has been repeatedly observed in various species of 
animals (see Hollander and Cowsgill’s (1931) review of literature bearing on 
this) may be cited as further evidence in favor of this view; and the fact that it 
has never been exceeded, taken in conjunction with the experiments reported 
in this paper, indicates that the osmotic pressure of the blood is the limiting 
factor determining the chloride concentration and the minimum pH of the 
gastric secretion. From this point of view it is unnecessary to imagine the 
secretion of a neutral chloride as an essential feature in limiting the acidity 
of the gastric juice, an idea that has been advanced by MacLean and 
Griffiths (1928). 

The low values for gastric chlorides that have been observed by those 
investigators working with human subjects can doubtless be explained by 
contamination of the gastric contents with test meals and body secretions 
other than gastric juice. Dilution from the other glandular secretions of 
the gastric mucosa may play a very slight rdle. However, it is significant 
that in view of the physico-chemical considerations presented above, pure 
gastric juice should have a chloride content of approximately 160 m.eq. 


SUMMARY 


Experiments have been presented to show that the total chloride content 
of pure gastric juice obtained in response to a histamine stimulus from dogs 
possessing gastric fundic pouches is approximately equal to the total ionic 
content of the blood. Variations in the total concentration of blood elec- 
trolytes, produced by alternate dehydration and hydration of the animal, 
were associated with parallel changes in the chloride content of the gastric 
secretion. Physico-chemical considerations were advanced to support 
the view that the process by which the chloride concentration of the gastric 
juice is maintained depends upon a water exchange between a chloride 
solution in the stomach and a blood of given total ionic content. 
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While studying conduction in the bowel of the rabbit (Alvarez and Hosoi, 
1930) marked differences were noted in the responses of the wall of the 
gut to faradic and galvanic stimuli, differences which seemed to conceal 
some secret worth knowing. The principal facts observed were: first, 
that with the constant galvanic current the curve of contraction was 
simple, and conduction along the bowel was absent, and, second, that with 
the faradic tetanic current the curve of contraction was composed of two 
elements, and conduction of the disturbance along the bowel could be 
detected. 

The difference in the shape of the curves will be seen from figure 1. (‘The 
technic of preparing and anesthetizing the animals and using excised 
segments has been described by Alvarez and Hosoi, 1929.) When a current 
of 1 or 2 milliamperes was allowed to flow for a second through specially 
designed platinum electrodes touching the mesenteric edge of the bowel, 
the lever attached by a thread to the antimesenteric border of the stimu- 
lated segment almost always rose sharply; the latent period was about 0.15 
second, the amplitude of contraction was small, and relaxation was usually 
prompt and complete (fig. 1, d). Sometimes a spontaneous contraction 
would interrupt the fall of the lever to the original baseline. 

With a tetanizing current obtained from a Porter inductorium energized 
with one dry cell and with the secondary coil at 4 em., there was first a 
latent period of approximately twenty-five hundreth second; then the writ- 
ing point of the lever rose slowly for about a second, and after that it shot 
up quickly (fig. 1, a, b,g,m). The amplitude was usually greater than that 
seen with galvanic stimulation and the period of relaxation was longer. 

1 Aided by a grant from the Josiah Macy, Jr. Foundation. 
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Rarely, as in figure 1 g, faradic stimulation produced a little “chump” before 
the second rise due to the fact that the muscle after the first stimulus was 
beginning to relax before it contracted again. 

Occasionally, with the faradic current, the first contraction was so quick 
that the curve resembled that obtained with galvanic stimulation (fig. 1, k) 
but ordinarily the two types of contraction could be distinguished at a 


Galvanic tnfewrubiyg 


Strong Faradic 


Fig. 1, a. A faradic response with a quick, steep first rise. b. The same type of 
curve with the first rise barely perceptible. In curve c, if the muscle contracted it 
did not succeed in lifting the writing point of the lever and the latent period became 
that of the second rise. d. Galvanic response to the closing of the galvanic current. 
e. With successive faradic stimuli the curve of contraction changed from galvanic to 
faradic. f. An unusually good response to galvanic current interrupted with a Neef 
hammer. g. An unusually pronounced first faradic contraction. h. The usual re- 
sponse to a slowly interrupted galvanic current. 7. Composite curve of contraction 
of gastric muscle when one vagus nerve was stimulated with a tetanizing faradic 
current. j. Local relaxation with contraction 5 cm. caudad to the segment stimu- 
lated. k. Galvanic response to a faradic stimulus. ¢. Preliminary ‘‘hump’’ ob- 
tained with a strong interrupted galvanic current. m. Unusually long first rise with 
a faradic stimulus. 


glance. Sometimes when, with the first faradic stimulus thrown in, the 
lever rose sharply, as in figure 1 a, with subsequent stimuli it rose more and 
more slowly, as in figure 1 b, until the first shortening of the muscle failed 
to lift the lever and the latent period then became that of the second con- 
traction, asin figurelc¢. Figure 1, a, b, c, and e, show this transition from 
one type of response to the other. 
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In the intact animal the interval between the throwing in of the stimulus 
and the beginning of the steep rise in the faradic records varied from 0.5 to 
2.1 seconds. When 134 measurements from all parts of the small bowel 
were arranged in a distribution polygon there was a decided mode at 1.4 
seconds. The mode for fifty-nine similar measurements made on excised 
bowel was 1.2 seconds. The interval was a little longer in the lower part 
of the ileum than it was elsewhere in the small bowel. 


Ora a end 


Fig. 2. In this and in all subsequent tracings, an arrow marks the point and mo- 
ment of stimulation. The figures between the curves denote distances between the 
attachment of recording threads on the gut. aandb. Different types of response to 
faradic stimulation at the orad and caudad ends of a loop of excised rabbit ileum 5 
em. long. c. Simultaneous contractions of circular and longitudinal muscle in the 
same narrow segment of gut stimulated with a tetanizing current. d. The response 
more prompt and with greater amplitude at a short distance from the point stimu- 
lated. e. Local contraction of galvanic type with the distant response also galvanic 


We might not have spent so much time in an effort to explain these dif- 
ferences if, at the beginning, we had seen how often, especially in excised 
bowel, the faradic stimulus will produce a galvanic type of reaction, or if we 
had seen how the response can vary from moment to moment, or at two 
points 5 cm. apart on the same loop of bowel (fig. 2, a and b). We might 
have become discouraged or might have decided that the difference was 
more or less accidental. In the intact bowel, a galvanic type of response to 
a faradic tetanizing stimulus was observed in perhaps 9 per cent of the ex- 
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periments. It was observed with 12 per cent of the stimuli thrown into the 
duodenum, 16 per cent in the jejunum, 5 per cent in the upper part of the 
ileum, and 4 per cent in the lower part of the ileum. It was observed much 
more commonly with excised bowel and particularly with excised duode- 
num. Again, there was a gradation from one end of the bowel to the other, 
the percentage of galvanic responses to a faradic stimulus being for duo- 
denum, jejunum, upper ileum, and lower ileum, 60, 27, 24, and 19, respec- 
tively. Taking the 454 experiments on all parts of the excised bowel 
together, the percentage was 34. It is probable that in some instances we 
were mistaken, and what looked like galvanic responses were of the type 
depicted in figure 1c. The response to the constant galvanic current was 
almost always a contraction with the simple type of curve depicted in 
figure 1 d. 

Our impression is that the greater the irritability of a segment of bowel 
the more likely it is to respond quickly with a sharp rise of the lever. 
Excised bowel is more responsive to stimuli than is intact bowel, perhaps 
because inhibition has been removed; and as Alvarez and Hosoi (1929) 
have shown, there is in the bowel of the intact animal, a gradient of irrita- 
bility from duodenum to ileum. The diminishing tendency of the muscle 
in successive regions of the bowel to respond in a quick galvanic way to a 
faradic stimulus is therefore probably just another manifestation of the 
gradient of irritability. 

Although the lack of specificity of the two types of reaction complicates 
the problem and to some extent makes it seem less worthy of study, we 
feel that the efforts we have made to solve it, although not entirely suc- 
cessful, have been well worth while if only because there have been so 
many interesting by-products. 

Differences in the behavior of circular and longitudinal muscle. One of the 
first suggestions that occurred to us was that the composite nature of the 
curves produced with a faradie stimulus might be due to separate contrac- 
tions of the fibers in the two muscular coats of the bowel. Accordingly 
several attempts were made to record simultaneously, with threads at- 
tached to levers, the contractions of these two coats. Unfortunately the 
attachment of so much apparatus to a short segment of bowel seemed 
to handicap it so much that usually the latent periods were long and the 
contraction curves unsatisfactory. Occasionally both coats did contract 
promptly, with the longitudinal generally a little ahead of the circular (fig. 
2c). Sometimes the two coats shortened together for a few tenths of a 
second and then the marked contraction of the circular fibers brought about 
a lengthening of the longitudinal ones. At other times the two coats con- 
tinued to contract together. 

In order to get rid of the irritation and drag produced by mechanical re- 
corders we next made four black marks on the surface of the gut; we put the 
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electric switch and a split second watch into the field of a motion picture 
eamera and made a number of films showing the responses of the two coats 
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Fig. 3. Curves obtained by measuring in successive frames of a motion picture film 
the distances between two sets of points on a small segment of small intestine. The 
distances were plotted as ordinates with intervals of time as abscissas. In each sec- 
tion the upper curve represents contraction of the circular muscle, the lower curve of 
the longitudinal muscle. The first arrow shows the moment of stimulation; subse- 
quent arrows show beginning of contraction. Figures represent seconds elapsed 
after the stimulus. 


Successive frames were projected onto a screen and the distances between 


the markers were measured and plotted as ordinates with intervals of time 


as abscissas. 
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The results would have been more satisfactory if the muscle had re- 
sponded more often with a short latent period. Possibly it would have 
done so if it had been stretched slightly as it is when a writing lever is 
attached. The first record in figure 3 shows that the longitudinal muscle 
began to contract slightly after 0.13 second and more markedly after 1.13 
seconds. The circular coat contracted slightly after 0.19 second and more 
markedly after 1.25 seconds. The fact that the first component of the 
curve had about the same length in both records showed that the com- 
posite nature of the faradic curve is not due to differences in the reaction 
of the two sheets of muscle. 

In the next four curves it may be noted that although the Jongitudinal 
muscle contracted first, some time before the circular, this shortening did 
not affect the length of the circular fibers. There are many statements in 
the literature to the effect that contraction in one coat produces lengthening 
in the other, but this is not always true, and when it appears to be so an 
analysis of the record will sometimes show that the lengthening of one 
muscle layer began before the other shortened. This is apparent in figure 
3, f and g. There the longitudinal coat, after temporary contraction, 
steadily relaxed long before it could have been forced to do so by a contrac- 
tion of the circular coat. In records made with levers we found a few such 
curves in which we had to measure the latent period to a point of relaxation 
instead of to a point of contraction (fig. 1, }). 

In figure 3, h and i, the relaxation of the longitudinal coat appears to be 
due to contraction of the circular. In figure 3, j, both coats continued for 
almost three seconds to contract together, and then the longitudinal 
muscle relaxed. We have other curves plotted from photographic records 
of loops of bowel contracting spontaneously which show again that the 
activities of the two muscular layers are often independent and that much 
of what has been written on this subject must be revised. As yet we have 
no explanation for the fact that they act one way one moment and another 
way the next. 

Other possible explanations. It seemed possible that the first rise after 
stimulation might at times represent a spontaneous rhythmic contraction 
with an artificial one superinduced, and this may be the explanation in rare 
instances (fig. 1, g). That it is not the explanation in most cases was indi- 
cated by the fact that the curve was composite in all those records made 
with segments of bowel that for some time had shown little if any tendency 
to spontaneous rhythmic activity. 

In some records there was a suggestion that the second rise might be 
due to the final interruption of the stimulating current, but in many others 
it was obvious that this could not be the cause. Another thought was that 
there might be two types of muscle fiber in the wall of the bowel, or two 
types of contractile substance with different strengths and different rates 
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of shortening, and this is still a possibility; we have not yet found a way of 
proving or disproving it. It is conceivable also that the tetanizing current 
might act first on some inhibiting mechanism in the wall of the bowel before 
it produces contraction. Occasionally the bowel did respond first with re- 
laxation, especially when the electrode had slipped so that perhaps it stim- 
ulated nerves in the mesentery (fig. 1, }). 

When “humps” appeared in records of contraction following a single 
galvanic stimuJus they came late, and apparently represented spontan- 
eous rhythmic waves. It does not seem probable that the galvanic cur- 
rent stimulates the bowel more than does the faradic because the sharp rise 
of the lever with the former was seen even with the weakest intensities; 
and with the strongest, the amplitude of contraction was never so great as 
that seen with faradic stimulation. 

We thought we might perhaps steepen the initial slow rise of the lever, 
which is so characteristic of the response to the tetanizing current, by in- 
creasing the intensity of the stimulus, but even with 45 volts in the primary 
circuit and the secondary coil at 0 em., no change was observed in the shape 
of the contraction curve. 

As already stated, at times records were obtained in which the curve of 
contraction after faradic stimulation rose just as abruptly as it did after 
galvanic stimulation, but even then, after about a second, a change could 
often be detected in the rate of acceleration (fig. 1, a). 

Interrupted galvanic stimulation. It next occurred to us that the second 
rise in the faradic curves might be due to a summation of stimuli. In this 
case we should be able to produce it by interrupting the galvanic current. 
We tried first breaking it rapidly with the hammer of the inductorium so 
that the main difference between the galvanic and faradic stimuli would be 
one of voltage. The results obtained were generally poor. Often there 
was no response and when one appeared the amplitude was usually so low 
that we could not be sure of the presence or absence of a second rise; in 
several instances, however, there appeared to be one. In figure 1, f, which 
represents the best contraction obtained, the curve is simple. In the many 
experiments performed, conduction, or the spread orad and caudad of some 
disturbance produced by the stimulus, could not be demonstrated. 

We next interrupted the current more slowly, and when the rate dropped 
below fifteen a second we began to get good responses locally and at a dis- 
tance. The best results were obtained with a rate of six a second. Stimu- 
lation at this rate gave excellent responses and good signs of conduction; 
both better at times than those obtained with faradic stimulation. The 
latent period was short and the amplitude was sometimes even greater than 
that usually obtained with the faradic stimulus. With a rapid rate of 
interruption an increase in the strength of the current, even up to 60 ma., 
did not give better results. Our conclusion was that the greater amplitude 
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of the response to the tetanic faradic current compared with that to the 
constant galvanic current is the result of summation. 

In the curves obtained with slowly interrupted galvanic stimuli there 
was seldom any sign of a second rise; that is, almost all of the curves of con- 
traction were of the galvanic type (fig. 1, h). The reason for this may be 
that the first rise was so steep that when the second contraction came there 
was no difference in the rate of acceleration and hence no break in the curve. 
There appears to be something about the volume of the low voltage current 
which, even when it is interrupted, causes the muscle to contract more 
quickly and efficiently at first than it does with the quickly changing high 
voltage current. Figure 1, t, shows that with a strong interrupted galvanic 
current there may be a marked preliminary hump; relaxation came late, 
as it does with the faradic current. 

The inability of the intestinal muscle to respond well to a rapidly inter- 
rupted galvanic current would seem at first glance to be easily explainable 
on the assumption, made by several investigators, that the tissue is too 
sluggish and its chronaxie too large. Against this theory is the fact that 
the bowel responds well to the even more rapidly interrupted faradiec cur- 
rent. We tried the effect of strong faradic single make-or-break shocks 
(with 45 volts in the primary circuit) but the bowel often failed to respond 
and when it did contract, the amplitude was so low that nothing could be 
determined about the nature of the curve. 

Condenser discharges. We next tried the effect of powerful condenser 
discharges. Although some of these were of very short duration there was 
a definite response, with a low galvanic type of curve. This success in 
obtaining contractions with such fleeting stimuli made it seem probable 
that the failure with single faradic shocks was due, not to the short dura- 
tion of the stimulus, but to an insufficient input of energy. 

Stimulation of muscle and nerve. Early in this study it occurred to us 
that the first rise in the curve of contraction might be due to a direct stimu- 
lation of the muscle by the current and the second rise to an indirect effect 
through the myenteric nerves, and particularly through nerves interrupted 
by a synapse. It is easy to imagine a constant current exerting a greater 
effect on a sluggish tissue such as smooth muscle than on a more quickly 
acting tissue such as a nerve. 

As we pointed out in a previous paper (Alvarez and Hosoi, 1930) the 
tetanizing faradic current, when applied to the wall of the bowel, usually 
produces a disturbance which can be detected from 5 to 15 em. orad and 
from 5 to 20 cm. caudad from the point stimulated. The constant galvanic 
current similarly applied to the bowel rarely produces a disturbance which 
can be detected more than 3 em. orad or 5 em. caudad from the point stimu- 
lated. The fact that the contraction at a point 5 or 10 cm. distant from the 
place stimulated often appears before the muscle has contracted locally 
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(fig. 4, b, ec, and d), or even while it is relaxing (fig. 1, g), would alone show 
that the disturbance must travel by way of nerves and not as a wave of 
contraction along the muscle sheet, and there are a number of other obser- 
vations pointing to the same conclusion. Thus it is a curious fact that the 
contractions which are recorded at points 5 and 10 em. caudad to the point 
stimulated are commonly synchronous, and occasionally, as in figure 4 d, 
the muscle 10 cm. distant contracts before the muscle 5 em. distant. In 


Fig. 4. a and f show conduction with a decrement. In b, ¢, and d, a contraction 
appeared more promptly at a distance than at the point stimulated. Ind the con- 
traction 10 cm. distant appeared shortly before the contraction 5cm. distant from the 
point stimulated. Inc the local response to a faradic current was galvanic in type, 
while the response 5 cm. caudad was faradic in type; an unusual record. 


most of the records it appeared that the stimulus travelled slowly for the 
first 5 em. and then rapidly for the next 5 em. 

More evidence for a neurogenic type of conduction is to be found in the 
fact, to be reported later in this paper, that after the death of a rabbit 
the ability of the bowel to conduct is lost long before the muscle loses its 
ability to respond to a direct stimulus. As one would expect, also, we found 
conduction to be stopped by the sear made by cutting through the muscle 
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to the mucous membrane and allowing the wound to heal. As Meek 
showed years ago, peristaltic rushes can easily jump over such a scar, but 
the reason for this is obvious from the studies of Alvarez. Further evi- 
dence of a nervous conducting mechanism has been presented by Fleisch and 
Wyss who found that the wave-like disturbance produced by a stimulus 
would pass through a segment of bowel held firmly in a clamp. They 
noticed also, while analyzing the movements of the bowel as depicted in 
motion pictures, that the wave of contraction occasionally seemed to skip 
short segments where there was no apparent shortening of the muscle. 

Extrinsic nerves of the bowel are largely unresponsive to single stimuli. If 
conduction is due to nerves, as it almost certainly must be, it follows that 
the constant galvanic, the rapidly interrupted galvanic, and the single 
faradic stimuli which usually do not produce a disturbance at a distance 
from the point stimulated do not affect the myenteric nerves. If this is 
true, one would expect to find that the extrinsic nerves of the bowel also 
fail to respond to these types of stimuli, and actually, as Lapicque has 
pointed out, the vagus, like some of the other autonomic nerves is 
“iteratif,” that is, it responds only to repeated stimuli. This fact does not 
seem to be generally known, but it has been commented on by a number of 
experimenters. Thus, Rogers and Bercovitz, using the turtle, found that 
the continuous passage of a galvanic current, or single induced shocks, 
even of great strength, were without effect on the vagus. (See also Klee, 
p. 576.) 

Our efforts to confirm these observations were made difficult by the fact 
that in the rabbit it is often impossible, even with a tetanizing stimulus to 
the vagus to elicit any response from the bowel. Often, too, the bowel will 
respond at one point and not at several adjacent ones. So far, in many 
experiments, we have obtained only one record showing a slight response of 
the stomach to a single galvanic stimulus applied to one vagus nerve, and 
we have never seen any effect on the bowel of single galvanic or faradic 
shocks applied to the vagus, the splanchnic, or the mesenteric nerves. 
According to Miller and Waud, in the decapitated cat, single shocks applied 
to the mesenteric nerves will produce reflex contractions of the abdominal 
muscles. 

For all practical purposes 1t would seem that a single stimulus applied to 
the extrinsic nerves of the bowel has no effect. The next question is: Why, 
in our experiments, did the extrinsic and intrinsic nerves of the bowel fail 
to respond well to galvanic stimuli rapidly interrupted? There was a good 
response with six interruptions a second, but not with fifteen a second. 
This is hard to understand in the face of the fact that there was so good a 
response to the much more rapidly interrupted faradic current. Further- 
more, Lapicque and Meyerson, Melik-Megrabow, Veach, and others found 
that the stomach in a number of animals responded when the stimulus 
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applied to the vagus nerve was interrupted as many as 250 times a second 
This was to be expected from the fact that even in the sluggish frog the 
chronaxie of the vagus nerve appears to be from 2 to 10 sigma. 

Figure 1, i, shows that after stimulation of a vagus nerve near the cardia 
the curve of contraction of the gastric muscle will sometimes show a small 
preliminary hump. Single shocks applied to the mesenteric nerve had no 
effect on the bowel. 

Latent period of the effect of stimulation of the vagus. If the second rise in 
the curve of contraction were due to an impulse arriving by way of two 
neurones connected by a synapse, one would expect to find a long latent 
period, and since there are reasons to believe that there are synapses be- 
tween the vagus fibers and those of Auerbach’s plexus, an idea might be 
obtained of what this latent period should be by stimulating the bowel 
through the vagus nerves. Actually, when we stimulated the vagal trunks 
immediately below the diaphragm we found that the latent period of the 
first effect (contraction or relaxation) produced in the bowel was almost 
the same as that of the second rise in the curve obtained when the bowel 
was stimulated directly. The range of 57 measurements of the latent pe- 
riod of the vagus effect (with a tetanizing faradic stimulus) was from 0.4 to 
3.2 seconds, with the mode around 1.1 seconds. With an interrupted gal- 
vanic stimulus (rate, six times a second) the mode was about 1.5 seconds. 
The mode for the latent period of the second rise (with the stimulus direct 
to the bowel) was 1.4 seconds. 

In a few instances the graphic record indicated that stimulation of the 
vagal trunks had an almost immediate effect on the bowel, due perhaps to 
the presence of a few nerve fibers running directly to the muscle. Figure 
1, i, shows such a record, in which the muscle of the stomach contracted first 
after 0.2 second and later after 1 second, just as it might have done if the 
electrodes had been applied directly to the wall of the viscus. 

Although some of these observations suggest strongly that the second 
rise is due to a stimulus arriving by way of nerves, other observations, to 
be described later, make it doubtful if this is the explanation. 

Attempts to separate the effects of stimulation of nerve from those of stimula- 
tion of muscle. If, when the intestine is stimulated directly, the second rise 
were due to an impulse arriving by way of the myenteric nerves (which we 
have shown to conduct caudad more easily than orad) it might be possible 
to remove these impulses and thereby to simplify the curve of contraction 
by cutting the bowel across just orad to the segment being stimulated. 
Actually a study of a large number of records made from short excised 
segments of bowel showed that when, as not infrequently happened, the 
curves of contraction obtained with a tetanizing current were different 
at the two ends, the curve at the orad end was more often of the faradic 
type and that at the caudad end was of the galvanic type (fig. 2, a). The 
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explanation may be that influences descending from the orad cut end caused 
the neuromuscular meclianism near-by to suffer from trauma and to be- 
come less sensitive. Usually the threshold was lower and the amplitude of 
contraction greater at the caudad than at the orad end, and often the irrita- 
bility (response to electrical stimulation) failed at the orad end before it 
was lost at the caudad end. There were, however, many exceptions to 
these rules. The conclusion reached was that the second rise in the curve 
could not be eliminated by cutting away the bowel either immediately 
above or below the stimulated place. 

Nicotin. The next experiment was to see what effect nicotin would 
have on the second rise. If, as is commonly taught (Bayliss and Starling, 
1899, p. 136; Langley, p. 853) nicotin blocks synapses, it might change 
the appearance of the curve of contraction. Actually it did not do so even 
when lethal doses were used. We then repeated the experiments of 
Thomas and Kuntz, and Mulinos, and found as they did, that nicotin, even 
in enormous doses, does not always block the effects of vagal stimulation 
on the bowel. It may do so at first with small doses, but we have records 
showing good responses of the bowel to vagal stimulation in animals that 
had just died from an overdose of nicotin. In one case these responses con- 
tinued for seven minutes after the apparent death of the animal. 

These observations leave us with a choice between two alternatives: 
either to believe that there are no synapses between the vagus fibers and 
those of Auerbach’s plexus or else that nicotin does not entirely block 
them. Because we have obtained evidence from experiments with asphyx- 
iation that there is a synapse between the fibers in the vagus nerves and in 
Auerbach’s plexus, the most probable explanation is that nicotin does not 
always produce a complete block. Nicotin certainly has some adverse 
influence on the nervous system of the bowel because in rabbits poisoned 
with this drug, peristaltic rushes rarely appear spontaneously, and when 
they are started artificially they travel in a peculiar way, which will be 
described in another article. 

Nolf has described changes in conduction in the nicotinized bowel of the 
chicken which indicate that the drug has blocked synapses between long 
neurones in Auerbach’s plexus but as yet we have been unable to obtain 
evidence of this in the rabbit. In our experiments nicotin did interfere 
with the conduction along the bowel of electrically produced disturbances, 
but the records suggested that this was due largely to a poisoning of the 
muscle and a weakening of the response to stimulation. Incidentally, M. 
Lapieque has shown that nicotin greatly lowers the irritability of muscle. 

In our experiments with nicotin, when recording levers were fastened at 
intervals of 2 cm. along the bowel, it was found that the amplitude of con- 
traction at the point stimulated and also at a distance failed about as fast 
as conduction failed. We never saw anything to suggest that conduction 
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failed abruptly at the end of a neurone. This does not necessarily militate 
against Nolf’s views because it may be that in the rabbit an electrically 
produced disturbance, unless it gives rise to a peristaltic rush, cannot pass 
from one neurone to another. If this be true, and if we accept as a working 
hypothesis Nolf’s diagrammatic plan of the myenteric plexus, our experi- 
ments must indicate that the long neurones which he pictures as forming a 
chain, are about 20 em. in length. 

Unfortunately, the problem is much complicated by the fact that when 
the excised intestine is stimulated at either end by a quick distention of a 
short loop with water, it is easy to obtain records showing signs of rapid 
conduction of the disturbance over long distances. The fact that this type 
of conduction persists for hours after the stoppage of the circulation, makes 
it appear very unlikely that there is any synaptic interruption in the nerve- 
paths involved. 

Possible nature of the conducting paths. Figure 4, a and f, shows that 
conduction of an electrically produced disturbance normally takes place 
with a decrement. It is conceivable that this decrement is due to the pro- 
gressive thinning of a bundle of neurones which overlap like shingles on a 
roof. Possibly against this conception is the fact that conduction takes 
place with a decrement in the first 15 em. of the duodenum where one might 
expect the neurones to start out with about the same lengths. For the 
moment we are sure of only one thing and this is that we will always be 
reluctant to draw conclusions from any experiments done with nicotin. 

Effect of degenerative section of vagus and splanchnic nerves. A surer 
method of getting rid of some of the postulated synapses in the bowel might 
be to cut the vagus and splanchnic nerves and allow their fibers to degener- 
ate. This we did and found that the bowel continued to respond as before 
to the two types of current. Apparently, then, if the second rise is depend- 
ent on the presence of a synapse it must be situated in the mesenteric 
plexus distal to the vagal and splanchnic nerve-endings. Incidentally, 
degenerative section of the vagus nerves did not interfere with the conduc- 
tion of electrically-produced disturbances, but a similar section of the 
splanchnic nerves did somewhat interfere. 

Effect of asphyxia. Again with the hope of stopping conduction through 
synapses we deprived the bowel of its blood supply. It has been shown 
repeatedly that the most vulnerable part of the nervous system is the syn- 
apse. Those in the brain and spinal cord are so sensitive to anoxemia that 
their ability to conduct is irreparably lost within ten or fifteen minutes 
after the stoppage of the circulation. It is suggestive, therefore, to find as 
we did, that in the rabbit the effect on the bowel of faradic stimulation of 
the vagus nerves disappeared in from ten to twenty-seven minutes after the 
stoppage of the circulation. The inference is that most anatomists and 
physiologists are correct, and that there is a synapse between the fibers of 
the vagus nerves and those of Auerbach’s plexus. 
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The presence of such a synapse would help to explain why stimulation of 
the vagus nerves so often fails to influence the bowel; it would explain 
the long latent period, it might to some extent explain the fact that the 
response is usually a mixture of stimulation and inhibition, and it would 
throw light on the fact that stimulation of one of the vagus nerves will of- 
ten produce changes in the activity of the bowel at one point but not at 
other points nearby. Nolf’s work indicates the presence of such synapses, 
and they have to be postulated, if only because there are not enough nerve 
fibers in the two vagus bundles to supply even a small fraction of the muscle 
fibers in stomach and bowel. 

The presence of synapses in Auerbach’s plexus was indicated by the fact 
that in a number of our animals the stoppage of the circulation in segments 
of bowel resulted, after two or three minutes, in a cessation of normal peri- 
staltic rushes. If the loop was not too long the rushes would continue to 
pass, but only in a peculiar, incoérdinated way, which will be described in 
another paper. 

In seventeen years of experiment one of us (Alvarez) was never able to 
elicit a rush in a recently dead rabbit; there was usually one agonal wave and 
then no more. As yet we have no explanation for this sudden cessation of 
activity in the dead animal]. If it were due purely to the effect of anoxemia 
on the nerves one would expect the rushes to continue for a few minutes as 
they do when, in the living animal, the circulation is cut off from part of the 
bowel. Recently we saw an imperfectly coédrdinated rush in a rabbit that 
had ceased to breathe ten minutes before. The salt solution in the tank 
was oxygenated. We are now trying to Jearn something about the condi- 
tions which made this rush possible. 

If (with the tissues kept at a temperature of about 38°C.) synapses lose 
their function in from ten to twenty-seven minutes, the next question is: 
When, after the removal of segments of bowel from the body, will the nerve 
fibers lose their ability to conduct? One would expect, of course, that the 
survival time would be influenced by the temperature of the Locke’s solu- 
tion and by the amount of oxygen dissolved in it. Actually, in five out of 
eight experiments performed with bowel quickly removed from the animal 
and placed in unoxygenated but not boiled Locke’s solution at 38°C., 
failure of conduction came after a remarkably constant interval. The time 
elapsed in successive experiments was 103, 105, 100, 110, and 110 minutes. 
In another experiment the interval was 123 minutes, but it was found that 
the thermostat had failed to function and the temperature of the bath had 
dropped to 33.5°C. Inanother animal conduction seemed to fail at 50 min- 
utes and to return at 140 minutes, but the records were hard to interpret. 
In still another animal no sign of conduction could be detected after 40 
minutes, although the irritability of the muscle was still good after six and 
a half hours. 
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One difficulty in making these experiments is that sometimes for a 
few minutes, the bowel will fail to react, possibly because of accidental 
changes in the resistance in the stimulating circuit, and the experimenter 
will be misled into thinking that the faculties of irritability and conduction 
have been lost. In some experiments we have greatly improved conduc- 
tion, and have prolonged the time during which it can be obtained, by filling 
the loop of bowel with oxygen. 

In another series of experiments the bowel was quickly removed from the 
animal and placed in Locke’s solution at a temperature of 12°C. At inter- 
vals of twenty-four hours segments were transferred to warm oxygenated 
Locke’s solution, and the power to conduct was always found to be lost at 
the first testing. The ability to respond to an electric stimulus and to con- 
tract rhythmically remained for several days. Although in some of the 
segments in which the power of conduction was lost there was a change to a 
galvanic type of response to the tetanizing current, this change was not 
constant and it did not always take place at the time when the nerves 
seemed to be losing their function. In many cases the bowel continued 
to respond with a composite type of curve long after the ability to conduct 
had been lost. It would seem from this that the second rise can hardly be 
ascribed to a stimulus arriving by way of the nervous system, but other 
observations which we are now making show that parts of the conducting 
mechanism of the bowel are remarkably resistant to anoxemia, and that 
caution must be exercised in interpreting the results of experiments. 

One of the greatest difficulties encountered in this work arises in the fact 
that there appear to be at least two types of peristaltic rush; one in which 
the contractions in successive portions of the bowel are well coérdinated 
by a synaptic nervous system, and another in which they are fairly well 
coérdinated simply by the passage of a column of fluid. Strange to say, 
thus far we find it easier to differentiate these types with the unaided eye 
than with graphic records. 

CoMMENT. We regret that after all the work done, and much more that 
will be reported later, we are still in doubt as to the causes of the differences 
in the response of the bowel to different types of currents. There is much 
evidence to indicate that the steep galvanic type of contraction curve can 
be produced by a faradic current whenever the bowel is sensitive enough to 
respond with an initial sharp rise. This of course does not explain why the 
galvanic current commonly produces this sharp rise even in an insensitive 
bowel. Furthermore, a faradic type of response can be converted into 
what, at first glance, Jooks like a galvanic response whenever the first 
contraction of the muscle is too weak to lift the writing point of the lever. 
The distinguishing feature of this false galvanic response is a long latent 
period. 

The great amplitude and the longer duration of contraction with inter- 
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rupted currents is almost certainly due to summation, and it is possible 
that, at least at times, the second rise can be explained in this way; the 
difficulty is that we cannot easily explain in this manner the second rise 
which sometimes appears in records made at a point distant from the stimu- 
lating electrodes (fig. 2,d, and 4,c.). In most cases the distant contraction 
is either of the galvanic type asin figure 4, b, or else it is indeterminate; that 
is, there is only an increase in the amplitude of a rhythmic contraction, 
as in figure 4, a and 4,f. In the second record (from the top) in figure 4, 
a and 4, f, there is no sign of summation in the transmitted disturbance, 
and the duration of contraction is short. Whenever there is summation, 
relaxation is usually slow. This being true, it is not easy to explain the 
compesite curves in figures 2, d and 4,e as being due to a summation of 
stimuli. Figure 4, e shows that the composite curve is not necessarily 
transmitted as such because in this instance the response at the point of 
stimulation was of the simple galvanic type. 

There is still the possibility that there are two types of contractile sub- 
stances with different latent periods. It is hard otherwise to account for 
such a curve of contraction as is depicted in figure 1, t. It is possible also 
that more information might be secured by analyzing with the oscillograph 
the forms of the currents used as stimuli and then correlating these forms 
with the types of contractions obtained. 

A single galvanic stimulus apparently does not affect either the extrinsic 
or intrinsic nerves of the bowel. It still is not clear why a rapidly inter- 
rupted galvanic current does not seem to affect these nerves when an even 
more rapidly interrupted faradie current does. It does not seem to be 
due to too short a chronaxie because the bowel will respond locally to con- 
denser discharges of very short duration. 

Our observations indicate that conduction along the bowel is dependent 
on neurones in the myenteric plexus. The fact that the rhythmic activity 
of the bowel persists for days after the power of conduction has been lost 
makes it appear highly improbable that nerve cells have anything to do 
with these spontaneous contractions. 

Nicotin does not appear to be an entirely trustworthy interrupter of 
synapses. It acts peculiarly at times, and at present we are more inclined 
to trust to asphyxia as a means of blocking nervous impulses. Unfor- 
tunately the effects of asphyxia also vary, not only with the metabolic rate 
of the animal being studied, but with the temperature of the surrounding 
medium, and with the amount of hemoglobin left in the blood vessels. 

Perhaps the most important result of this work is the discovery of ways 
in which the intestinal muscle can be stimulated without at the same time 
affecting the myenteric nerves. If we are correct in our observations and 
our assumptions we have supplied future workers in this field with certain 
tools which may some day be of value. 
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SUMMARY 


In the small intestine of the rabbit, stimulation with a constant galvanic 
current produced a short simple curve of contraction with a sharp initial 
rise and a low amplitude. This disturbance never spreads far along the 
bowel. A tetanizing faradic current produced a curve of contraction with 
a slow initial rise and then, after about 1.4 seconds, a sharp rise; the ampli- 
tude was greater than that seen with the single galvanic stimulus, and 
usually there were signs of conduction of the resulting disturbances orad 
and caudad along the bowel. 

With particularly irritable segments of bowel the tetanizing current 
often produces a sharp initial rise, and therefore a galvanic type of curve. 
In successive segments of excised bowel there was a distinct gradient in the 
percentage of such galvanic reactions obtained; it ranged from 60 per cent 
in the duodenum to 19 per cent in the lower part of the ileum. 

A slowly interrupted galvanic current produced a curve with a large 
amplitude and usually a steep initial rise; conduction was good. With 
more rapid interruption of the galvanic current the local response of the 
bowel was poor and no conduction was seen. Single strong induction 
shocks commonly failed to produce any effect on the bowel. Strong, quick 
condenser discharges produced a local contraction of galvanic type. 

The fact that the extrinsic nerves of the bowel did not respond to single 
shocks or to a constant current, the fact that these stimuli did not give rise 
to a traveling disturbance along the bowel, and observations showing that 
conduction along the bowel is due to nerves, all indicate that the intrinsic 
nerves of the bowel are not influenced by a single make-or-break stimulus 
or by the passage of a constant current. 

The second rise in the faradic curve did not appear to be due to a differ- 
ence in rate of contraction of the longitudinal and circular coats of muscle. 
There is evidence to show that it is due to a stimulus arriving by way of the 
nervous system, but other observations make this appear improbable. 
There is much evidence to indicate that it is produced by a summation of 
stimuli, but there are reasons also for doubting this. 

The latent period between stimulation of the vagus nerves and a response 
in the bowel varied from 0.4 to 3.2 seconds with a mode of about 1.1 
seconds. The response was usually a mixture of inhibition and stimulation; 
it was often absent, and it was always fleeting. It was demonstrable at 
certain points along the bowel but not at others nearby. 

Nicotin interfered with conduction of an electrically produced disturb- 
ance along the bowel but this seemed to be due as much to injury of muscle 
as to injury of nerve. Contrary to the generally accepted view, nicotin 
does not seem to be an entirely trustworthy blocker of synapses. It inter- 
fered with the passage of peristaltic rushes through loops soaked in weak 
solutions of the drug, but rarely stopped them. 
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Stoppage of the circulation led to the abolition, within from ten to thirty 
minutes, of the response of the bowel to stimulation of the vagus nerves. 
This was thought to indicate the presence of a synapse between vagal and 
myenteric neurones. This synapse was usually blocked by small doses of 
nicotin, but not by large or even lethal ones. 

Stoppage of the circulation for about ten minutes caused the loss of the 
finer codrdination of peristaltic rushes. The same change was noted in 
the nicotinized bowel, and was interpreted as due to the failure of function 
in synapses. Conduction along the bowel of disturbances produced by fa- 
radic stimulation failed after an interval of approximately 105 minutes after 
stoppage of the circulation. This was thought to indicate a cessation of 
function in nerve fibers. 

The difference in the shape of the curves of contraction obtained with 
constant and interrupted currents usually remained unchanged after either 
nicotinization or anoxemia had destroyed the ability of the intestinal 
nerves to transmit an electrically produced disturbance. 

The fact that the rhythmic contractions of the bowel usually persisted 
for several hours after the loss of its power to conduct indicated that these 
contractions are not dependent on nerve cells. The irritability of the 
muscle generally persisted for some time after the rhythmic contractions 
had ceased. 
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The pioneer work of Smith (1), Smith and Engle (2) and Zondek and 
Aschheim (3) has demonstrated clearly that anterior lobe of the hypophy- 
sis, as well as the urine of pregnant women, causes marked stimulation of 
the reproductive system. The response of the female reproductive tract 
to such stimulation has received more attention than has that of the male. 
Smith and Engle noted a marked response of the male accessory reproduc- 
tive organs to fresh homo-implants in rats and mice. The absolute testicu- 
lar weight in young rats treated with homo-implants for ten days or longer 
was always greater than that of the control, though in many cases the 
difference was slight. Subsequently, many reports have continued to 
emphasize the response of the accessory organs of the male to fresh gland 
implants, injections of human pregnancy urine or extracts from pregnancy 
urine. 

In connection with a study of the effects of gonad hormone administra- 
tion to rats (4) it became desirable to employ fresh homo-implants in com- 
bination with different hormone injections. Hence it was necessary to 
become acquainted with the effects of fresh tissue implants upon the testis 
and accessory organs in order to interpret observations following the intro- 
duction of hypophysis tissue in combination with sex hormones. We have 
been able also to study the effects on the male of hebin, the gonad-stimulat- 
ing substance prepared from human pregnancy urine by Wallen-Lawrence 
and Van Dyke (5), and to compare the histological effects produced with 
those obtained from fresh tissue implants. 

We take great pleasure in making acknowledgments to Wallen-Lawrence 
and Van Dyke for the gonad-stimulating substance called by them ‘“‘hebin.”’ 
The prepararation employed by us had been determined by them to cause 
precocious sexual maturity when daily doses of approximately 0.06 cc. were 

1 This investigation has been aided by a grant from the Committee on Sex Re- 
search of the National Research Council; grant administered by Prof. F. R. Lillie 
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injected into rats from the twenty-first day of age until they were sacrificed 
on the twenty-sixth day. 

Hypophysial homo-implants in young males. The effects of both fresh 
implants and of hebin have been determined from an examination of the 
testes (gross size, spermatogenetic maturity, seminiferous tubules diam- 
eter, and interstitial cell conditions), the prostate gland (relative gross 
size and microscopic differentiation), and the seminal vesicles (gross size, 
secretion contents and cytological differentiation). The effects of gonadal 
stimulating substances in combination with sex hormone administrations 
are reported elsewhere (5). 

The results obtained from fresh tissue implants into young normal males 
are indicated by the summary of observations upon four males listed in 
litters 1, 2 and 3 of table 1; ten young animals gave results consistent with 
these. 

The following explanation for litter 1, table 1, will enable one to interpret 
this summary of observations for the animals receiving fresh implants as 
well as those injected with hebin. The litter of five males consisted of two 
treated with fresh implants, and three controls. The two former were 
given two daily homo-implants of whole hypophysis from the twenty-fifth 
to the thirty-second day and were killed on the thirty-third day after birth. 

The testis measurements of the untreated thirty-three-day control 
(273A) were 13x 7.5mm. Spermatozoa had not yet appeared in the sem- 
iniferous tubules. The average diameter of twenty-five tubules, measured 
with the aid of an ocular micrometer, was 0.14 mm., and the interstitial 
cell mass was rated unity to afford a rough means of comparison with the 
treated testes. The prostate gland had attained the characteristic secre- 
tory differentiation, for this has usually appeared by the fifteenth day. 
The gross size of seminal vesicles was 6 x 2 mm., and the epithelium had 
not yet differentiated secretion granules, which usually appear in the nor- 
mal vesicle about the thirty-fifth day. 

When one compares the results obtained from administration of sixteen 
fresh homo-implants (animal 271C) with the untreated control, it becomes 
evident that testis size and tubule diameter are suggestively greater; the 
number of cells in the intertubular spaces is approximately 50 per cent 
greater; seminal vesicle size is markedly increased, and secretory differen- 
tiation approaches the normal adult state. The measurements of seminal 
vesicles are much inferior to weight records because the shape and nature 
of the vesicle make it impossible to adequately express the great volume 
increase noted. However, since we rely upon cytological differentiation 
to express effects, rapid fixation was necessary and weights were not deter- 
mined. A few spermatozoa were to be seen in the seminiferous tubules of 
the treated males, and they were not present in those from a control litter- 
mate. Littermate controls two and five days older possessed spermatozoa. 
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1 
Showing the effects upon young male rats of fresh hypophysial 
and 3) and of urinary hebin injections (litte 
Spermatozoa when seen are indicated as + and when absent as Seminiferous 
tubule diameter is the average diameter determined for twenty-five tubules by ocular 
micrometer measurements. Interstitial cell mass in each litter is rated as unity for 
the control untreated animal (amounts estimated by cell counts in interstitial spaces 
throughout the testis). Prostate gland in all cases is rated to show attainment ot 
secretory state. Secretion granules in seminal vesicles are rated from 4 + (the nor- 
mal adult condition) to — when no secretion granules are present 


TREATMENT 


Secretion 
granules 


2 AT DEATH 
INIFEROUS TUBULES 


SEMINIFEROUS TUBULE 
DIAMETER 


SPERMATOZOA IN SEM 
INTERSTITIAL CELLS 
PROSTATE GLAND 


LITTER 
ANIMAL 
TESTIS SIZE 


16 rat hypophysis 
implants (25-32 
days) 

16 rat hypophysis 
implants (25-32 
days) 

Littermate control 

Littermate control 

| Littermate control 


| 18 rat hypophysis 
implants (25-35 
days) 
Littermate control 


| 182C | 20 rat hypophysis 
implants (20-39 
days) 

181A | Littermate control 


202C | Hebin 11-27 days 
203C | Littermate control 


262C | Hebin 12-23 days 
265C | Hebin 12-27 days 

| 266A | Littermate control 9 
268C | Hebin 12-30 days 11 


or 


251C | Hebin 21-24 days 25 | 11 
| 256C | Hebin 21-28 days | 29, 11. 
257A | Littermate control | 29 | 11 


* Only three or four sperm heads seen. 
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SEMINAI 
days mim mm 
271C 3314 x8 1.5 +'11 x3 
272C 33114 x8.5| +] 9 x4 ++ 
273A 33 | 13 x 7.5) — |0.14) 1 + 6 x2 
274A x7 +*0.16 1 + + 
275A 38; 15 x9 + 10.17) 1 +' 9 x3 
|| 269C 36;}15 x9 + (0.17; 1.5) +) 11 x5 
2 
(| 270A 36| 14 x9 + |0.17) 1 x3 ++4 
40/15 x8 | + (0.164 | 12 x7 
3 
40115 x9} | +) 7 x25) +4+4 
28:10 x6.5| — |0.12) 1 + § xI1.7 
| 
oJ x 5 
x 
x 6.5) — |0.11) 4 + 6 x3 t 
6 4 > x 6.5) — (0.12; 7 ++ 
{ x 6 0.12, 1 -| 6 x2 
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TABLE 1—Concluded 


| SEMINAL VESICLES 


TREATMENT 


lo 
| Secretion 
| granules 


INIFEROUS TUBULES | 


AGE AT DEATH 


| SEMINIFEROUS TUBULE) 
DIAMETER 


| SPERMATOZOA IN SEM- 
| 

| INTERSTITIAL CELLS 

| PROSTATE GLAND 


| LITTER 
ANIMAL 
TESTIS SIZE 


Hebin 22-25 days 
Hebin 22-29 days 
Littermate control 


++ 


= = 


Hebin 30-34 days 
Hebin 30-39 days 
Littermate control 
Hebin 30-49 days 


Hebin 30-36 days | ¢ 5.5) — 
Hebin 30-40 days | 41/13 x8 | + 
Littermate control | 41 _ 
Hebin 30-46 days | 47 | 1: + 
Littermate control | 47 | 5) 


x 
£24 |++4++ 


|+++++ 


In general, fresh homo-implants given young male rats has caused a 
material hastening of secretory differentiation of the seminal vesicles and 
has caused a great increase in their gross size. It has led to marked in- 
creases in size of the prostate gland, but after the attainment of secretory 
differentiation in this gland, a histological study is inadequate to suggest 
grades of secretory intensity. The fresh implants have led to material 
increases in the amount of cells in the intertubular spaces of the testis; in 
litter 3 the increase was approximately 300 per cent. Neither testicular 
gross size nor average seminiferous tubule diameter has been modified con- 
sistently by treatment. The earlier spermatozoén appearance in the 
treated males of litter 1 (two days earlier) has not always been obtained, for 
other cases sacrified just preceding and just after spermatozoén appearance 
failed to show an earlier appearance, or a greater number, of these cells in 
the treated animals. We do not consider the suggestive earlier appearance 
in the case of litter 1 as significant. 

Injection of urinary hebin into immature males. Litters 4 to 9 (table 1) 
have been selected to show the effects of subcutaneous injections of hebin 
(Wallen-Lawrence and Van Dyke), the urinary gonadal stimulating 
substance. 

The general effects from hebin have varied only in degree from those 
noted from fresh implants. Both urinary hebin and fresh homo-implants 
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= | 
| | 

| days | mm. mm | | mm. 

(| 250€ | 26 | 10.5x6 | — |0.12) 2 | | 5.5x2 + 
30|13 x 7.5) — [0.13 3 | 85x4 |+++4+4 

255A 30} 10 x 5.5) — |0 1) gps x15 - 

| 

(| 252C 35/15 x8.5| — |0.15] 4 10 x4 |++++4 
g || 258C 40 | 115x7 | — |0.13) 8 8 x3 |+++4 
|| 250A 40| 9 — 0.11) 1 5 x15) — 

| 267C 50| 16 x 9.5) + | x6.5/++++4 

(| 253C | 0.13 2 | | 6 x25) ++ 

| 260C 0.14) 3 | | mm x3 
9 {| 261A 13) 1 x 2 

| 263C 0.17) 1 5 | 

\| 264A (0.18) 1 | 
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gave results attributable to a stimulation of the testicle, since neither was 
effective in the castrated animal. The stimulating effect appeared to in- 
volve only the interstitial tissue, and this has been correlated with an 
earlier, and a greater secretion of testis hormone as indicated by the micro- 
scopical study of the accessory reproductive organs (for details of hormone 
indicators see 6, 7 and 8). 

The data recorded in table 1 fail to show consistent differences between 
treated and untreated males in respect to gross testicle size, time of sperma- 
tozoén appearance, seminiferous tubule diameter, or state of spermato- 
genetic differentiation. There can be seen a fairly consistent difference in 
interstitial tissue, for in all but one or two pertinent exceptions, discussed 
below, that in the treated animal exceeds the amount in the control testis; 
there is likewise a consistent increase in size of the prostate and seminal 
vesicles of treated males. The increased secretory stimulation of the sem- 
inal vesicles noted from microscopic preparations is of greater importance 
than size relations. 

Particular attention is directed to litters 4 and 5. Animal 202C was 
killed at the age of twenty-eight days after seventeen daily injections of 
} ec. of urinary hebin. The volume of its seminal vesicles and prostate was 
estimated to be roughly five to seven times the volume of these organs in 
the littermate control; actual measurements showed a pronounced increase 
in the size of the vesicles. From a microscopical study, the vesicles of the 
control were found to be in an infantile state, whereas the treated male 
possessed seminal vesicles cytologically indistinguishable from those of 
adult normal males. The testes of these two animals showed differences 
only in amounts of interstitial tissue; that of animal 202C is rated as fifteen 
times the amount in the control testis. Figures 1 and 2 show photomicro- 
graphs of the testis and seminal vesicles of the treated male, and figures 3 
and 4, the testis and seminal vesicle of the untreated littermate control. 
The parallelism of extreme interstitial cell development, without other 
testis differences, and the extreme development of the accessory organs of 
reproduction is very suggestive that hormone is being secreted in the testis 
by interstitial cells. 

Animal 265C (litter 5) is important for the fact of its weak response to 
hebin injection and because it emphasizes the relationship existing between 
precocious response and interstitial cell hypertrophy. Seminal vesicles of 
this animal, killed at twenty-eight days of age, were slightly larger than 
those of the untreated littermate (266A), but had not yet developed to a 
secretory state. A treated littermate receiving the same injections as 265C 
but killed at twenty-four days after birth (262C) had larger seminal vesicles 
showing a definite cytological response to the injections; the secretory 
state compared favorably with the normal adult state. The interstitial 
cell response was marked in the treated male killed at twenty-four days of 
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age (rating 4) whereas in that killed at twenty-eight days, with four addi- 
tional injections, only a relatively slight response was perceptible (rating 
1.5). In this case, therefore, a lack of interstitial cell response is paralleled 


Fig. 1. Portion of testis from animal 202C at 28 days of age (hebin injections from 
11 to 27 days). 

Fig. 2. Seminal vesicle from same animal as figure l. 1000. 

Fig. 3. Testis of 28 day control untreated male 203C. 100. 

Fig. 4. Seminal vesicle from same animal as figure 3. 1000. 
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by a lack of seminal vesicle development. We have no suggestion to make 
as to the cause of the lack of response to hebin injections in this case, but we 
would like to emphasize the interstitial cell-seminal vesicle relationship 
that is evident. 

The cytological differentiation of the seminal vesicles has proved to be a 
far more dependable indicator for the testis hormone than has the gross size 
of these organs. However, the product of seminal vesicle length times 
width has been suggested by some writers as a hormone index for the 
mouse (9). Animals 270A and 265C offer an interesting comparison, for 
seminal vesicles of the latter present the larger dimensions yet show weaker 
secretory activity. Other cases in the table illustrate that comparative 
gross size and secretory differentiation do not always run parallel. Our 
experiences with adults, particularly where castration was performed post- 
pubertally, have emphasized many times that with the exception of maxi- 
mal reactions the gross size of the seminal vesicle is entirely undependable 
as a hormone index; cytological study, on the other hand, makes possible 
very definite indices of hormonal states of the animal. 

The administration of the gonad-stimulating substances (hebin, as well 
as fresh homo-implants) into immature males has elicited a structural re- 
sponse of the testicle only by an increase of interstitial tissue. Gross size, 
tubular size, or spermatogenetic differentiation have not been appreciably 
modified. Increase in gross size and marked secretory stimulation of the 
accessory organs, more evident after injections of urinary hebin, clearly 
demonstrate that the testicle has responded physiologically by excessive 
secretion of testis hormone. 

Effect in normal and castrated adult males. Injections of the urinary 
gonad-stimulating substance into adult normal males have given results 
quite similar to those observed in immature males; injections into castrated 
males have been ineffective. The observations can be briefly considered by 
citation of details on a typical case of each type. 

Animal 245A, an adult male of 175 grams weight and in good reproduc- 
tive condition, was opened under ether anesthesia for the removal of one 
testis and one seminal vesicle; these were preserved for microscopical study. 
Such a procedure enables one to learn the condition of the testicle in two 
respects—i.e., its gametogenetic state shown by histological study of the 
organ, and its endocrine state as revealed by the microscopic character oi 
the seminal vesicle. Caliper measurements of the seminal vesicle were 
17x8mm. One day after operation and for seventeen days thereafter the 
animal received subcutaneous injections of three-fourths of a cubic centi- 
meter of hebin, and was killed one day after the last injection. The 
measurements of the remaining seminal vesicle at this time were 23.5 x 11 
mm. The prostate gland was recorded as ‘“‘huge’’ in comparison with a 
control, unilateral castrate which had been caged with animal 245A but had 
not received injections. 
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The testicles removed before and after the seventeen daily injections 
of hebin were similar in all details. Both were normal. The interstitial 
cell material appeared slightly more pronounced in the testicle removed 
after injection, but our methods employed were inadequate to accurately 
express small differences. The increase was not marked. 

A comparison of the seminal-vesicle measurement before and after injec- 
tion, and our estimate of seminal vesicle volume compared with that of an 
uninjected, similarly operated male, reveals a great increase in the size of 
this structure following the injection period. The second vesicle is in a 
state of much greater activity than the one removed before injections were 
begun. The photomicrograph figure 5 shows the histological character of 
the vesicle removed before injection, and figure 6, the second vesicle re- 
moved at the end of the injection period. Here the secretion granules are 
much more numerous and conspicuous. 

The prostate glands of treated animals have been uniformly larger than 
those of untreated animals with otherwise similar histories. The position 
and shape of the prostate prevents accurate measurements, and its cyto- 
logical characteristics are inadequate to express degrees of activity in ex- 
cess of an active normal state. In general, the prostate glands of treated 
animals were more distended with secretion than were those from uninjected 
animals. 

Injections of hebin into ten adult males, with one or both testes present, 
have been without perceptible effect upon the testes, with the exception 
of strong indications of interstitial-cell increase. The effects upon the ac- 
cessory organs of reproduction were marked by an increase in size, and 
more intense secretory activity, on the part of the seminal vesicles. It 
follows, therefore, that more hormone was produced during the period of 
injection in the animal with one testicle present, than had been produced 
by both testes before injection. 

The observations on castrated males receiving similar hebin injections 
to the above can be illustrated by referring to one animal, since six animals 
gave consistent findings. 

Animal 243A, an adult male of 180 grams, was operated for removal of 
both testes and one seminal vesicle; measurements of the latter were 18 x 9 
mm. One day after operation and for seventeen days this castrated male 
received injections of three-fourths of a cubic centimeter of urinary hebin, 
and it was sacrified on the day after the last injection. The remaining 
seminal vesicle measurements were 11 x 5 mm. 

Microscopical study of the testicle and seminal vesical removed before 
injection showed them to be normal, and figure 7 illustrates the state of the 
secretory epithelium of the latter. The second seminal vesicle, removed 
at the end of the injection period, was much smaller and more shrunken 
than just after castration. Its histological character is seen from figure 8 
where the castrate type of the vesicle is shown. 
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Fig. 5. Seminal vesicle from animal 245A removed before injecting hebin. 1000 

Fig. 6. Opposite seminal vesicle from same animal as figure 5 after 17 daily injec- 
tions of hebin. 1000. Note greater activity of secretory epithelium. 

Fig. 7. Seminal vesicle from normal male 243A at time of castration. > 1000. 

Fig. 8. Opposite seminal vesicle from same animal as figure 7 after 17 injections 
of hebin (testes removed). The typical castrate condition shows hebin ineffective 
when testes are absent. 1000. 
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The detailed observations described are typical for all cases of these two 
types of treatment on adult males. They show that the gonad-stimulating 
substances are ineffective when testes are absent, but powerful stimulants 
when testes are present. 

Discussion. Our study of the responses of the male reproductive sys- 
tem to fresh hypophysial homo-implants as well as to injections of the 
substance obtained from pregnancy-urine confirms and extends the effects 
noted by others. 

Smith and Engle (2) could not detect an effect on the reproductive 
system of normal adult male rats from fifteen daily fresh homo-implants 
but ten implants in young males resulted in some increase in testis size; 
acceleration of spermatogenesis was not observed. The accessory organs 
gave a marked response. Steinach and Kun (12) obtained marked stimu- 
lation of the rat accessory reproductive organs from aqueous extracts of 
fresh beef hypophysis. Voss and Loewe (10) after one implantation of 
fresh sheep hypophysis into mice noted marked accessory gland stimulation, 
and report also a hastening of spermatozo6n appearance in treated males. 
The small number of animals treated and our own observations with fresh 
implants suggest the advisability of confirmative findings before accept- 
ance of spermatogenetic stimulation. 

In our experience the only consistent effect on the young testis was an 
increased development of the interstitial tissue. Spermatogenesis was 
not hastened. The accessory organs were markedly increased in size and 
showed a marked precocious secretory differentiation. Corey (11) believed 
it possible to detect effects upon the rat testis as early as fifteen days after 
birth. 

Injection of hebin from pregnancy urine has given effects different only 
in degree from those following fresh tissue implantation and this is un- 
doubtedly to be attributed to greater concentration of the stimulating 
principle. 

Untreated human. pregnancy-urine injected into young males has been 
found to exert a marked stimulation upon the reproductive accessories (13, 
14, 15, 16) but it has not led to precocious spermatogenesis; interstitial cell 
hypertrophy has usually been noted. Laurent (16) reports greater effects 
on interstitial cell hypertrophy from urine of men than from pregnancy 
urine, but this has not been confirmed to our knowledge. 

Extracts from pregnancy-urine have likewise proven effective in stimu- 
lating interstitial cell hypertrophy and size increases in the accessory organs 
(17, 18, 19, 20, 21). Borst and Gastimirovic (19) alone report acceleration 
of spermatogenesis from “Prolan’’ injections but the effect is reputed to be 
on spermatogonial and spermatocyte divisions and does not lead to an 
earlier appearance of spermatozoa. 

In our experience the effects produced on the male reproductive system 
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have been qualitatively alike in the administration of fresh rat hypophysial 
tissue or of the urinary substance hebin. In both treatments of immature 
male rats, interstitial tissue increase was prominent but spermatogenesis 
was not notably stimulated. The increase in size of the accessory repro- 
ductive organs involved also a real precocious secretory differentiation. 
The parallelism of effects from fresh implants and pregnancy-urine extracts 
is not considered by us as evidence that the urinary stimuJating substance is 


of hypophysial origin. There are many facts pointing to the opposite 


conclusion. 


SUMMARY AND CONCLUSIONS 


1. Fresh hypophysial implants or injections of urinary hebin—the 
gonad-stimulating substance from human pregnancy urine (Wallen-Law- 
rence and Van Dyke)—have been followed in prepubertal male rats by: 

a, slight increases in gross measurements of the testis; little or no in- 
crease in tubular diameter; little, if any, acceleration of spermatogenesis; 
and decided increase in the interstitial tissue. 

b, decided increases in size of the prostate gland and seminal vesicles. 

c, marked precocious attainment of secretory differentiation in the sem- 
inal vesicles. 

2. Urinary hebin injections into normal adult males produced a marked 
size increase in prostate glands and seminal vesicles; secretion granules 
were both more numerous and larger. Visible effects on the testis were 
limited to slight increases in interstitial tissue. 

3. Injections of urinary hebin into castrated males were without effect 
upon the reproductive tract. 
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Starling (1920) suggested, on theoretical grounds, that the colloid os- 
motie pressure of the blood plasma or lymph of the villi may be responsible 
for the absorption of fluids by the intestine. In spite of the suecess which 
has resulted from the application of Starling’s methods of study to the 
problems of fluid interchange in general, no one has, to my knowledge, made 
any attempt to subject this particularly promising suggestion to the test 
of experiment. As a matter of fact, however, one worker has made the test, 
but without reference to this particular point. Hamburger (1896) ob- 
tained evidence which led him to believe that absorption of fluid ceases 
when the intra-intestinal pressure falls to atmospheric or below. If this 
evidence were acceptable it would provide sufficient grounds for ruling out 
any appreciable effect of colloid osmotic pressure on absorption; for if the 
tissue fluids of the villi exert a colloid osmotic pressure, absorption of fluid 
from the gut must continue until the intra-intestinal pressure has been 
reduced to a negative value, numerically equal to the absorbing force of the 
osmotic pressure. 

The data to be presented indicate that Hamburger was misled and that 
absorption of water from solutions of glucose and of isotonic sodium chlo- 
ride continues down to negative pressures of considerable magnitude. Ab- 
sorption ceases at a definite negative pressure, the value of which remains 
constant in any given animal over long periods of time. The same con- 


staney exists for the absorption rate at any pressure above that which 


abolishes absorption. Consequently a definite absorption curve may be 
plotted for each animal, and such curves show that the rate of absorption 
is directly proportional to the amount by which the intra-intestinal pres- 
sure exceeds the pressure at which absorption ceases. The whole relation- 
ship between pressure and rate may be expressed most concisely in the form 
of a simple equation for a straight line: 


= k w= b) 
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where y is the rate of absorption at any given pressure, k is the constant of 


proportionality, « is the intra-intestinal pressure, and > is the pressure at 


which absorption ceases. 

Due to the fact that Hamburger’s conclusions are so generally accepted 
as to be included in almost every discussion of the mechanism of intestinal 
absorption, it has seemed advisable to present an analysis of his data and 
methods, in order that the apparent discrepancy between his results and 
mine may be satisfactorily explained. This author found that the rate of 
absorption of isotonic saline solution from isolated loops of the dog’s intes- 
tine was increased by raising the intra-intestinal pressure above atmos- 
pheric, but that absorption appeared to cease at atmospheric pressure. At 
negative pressures down to —8 em. of solution there was no evidence of a 
change in volume of the fluid introduced. In the original article the data 
are merely tabulated. In figure 1 the average rates of absorption, which I 
have calculated from his data, are plotted against corresponding pressures. 
The points are arbitrarily connected by straight lines. In series A there is 
only one experiment from which it is possible to formulate any idea as to 
the actual form of the absorption curve. In this one experiment we seem 
to deal with something approaching a straight line. On the assumption 
that the true curves are straight lines, extrapolation to zero absorption rate 
carries the lines definitely into the region of negative pressure. The curves 
of series B, in which the pressure was actually lowered to —1 em. in each 
vase, show several features of difference from series A. In the first place, 
although the isolated loops used were of approximately the same length as 
those of the first series, the absorption rates are uniformly much lower. — | 
believe that this may be attributed to interference with the circulation due 


Fig. 1. (From data of Hamburger.) Relation between intra-intestinal pressure 
and rate of absorption of physiological saline. Isolated loops of small intestine of 
dog, each approximately 17 em. in length. Points represent single determinations 
or averages. 

Series A: gut loops supported on outside only. Series B: wall of gut supported 
by apparatus on inside and outside. Distinct evidence of interference with 
absorption. 

Fig. 2. Relation between negative intra-intestinal pressure and rate of absorption, 
with wire coil supporting inside of loop. Squares represent results of experiments 
with 4 percent glucose. The other data were obtained with 0.9 per cent salt solution. 

Fig. 3. Curves of positive and negative absorption rates at negative intraintesti- 
nal pressure, with extrapolation in both directions to determine the pressure at zero 
rate. (Salt solution: squares and triangles. Glucose: crosses and dots.) 

Fig. 4. Absorption rates for salt solution at positive and negative pressures, 
showing the failure of extrapolations of the corresponding curves to intersect at zero 
rate. Wire coil used to support the gut at negative pressures. 

Fig. 5. Continuous absorption curves showing the straight line relation of rate 
to pressure which obtains when the absorbing surface is kept constant. Special 
intestinal clamp. Physiological saline solution. 
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to the presence inside of the loop of a basket-like wire support used to 
prevent collapse of the gut walls at atmospheric and negative pressures. 
This support consisted essentially of 6 wires which were situated parallel 
to the long axis of the gut. As the larger veins run transversely around the 
gut it would seem that the collapse of the intestinal wall against the wires 
would exert enough pressure across the veins to interfere seriously with the 
flow of blood. It is my experience that such interference must be carefully 
avoided in all absorption studies. The downward curving of the lines of 
series B can also, I believe, be explained on the same basis of interference 
with the circulation. Hamburger considered that the intra-intestinal 
pressure was atmospheric when the level of fluid in the open end of the con- 
necting system was in the same horizontal plane with the lower surface of 
the isolated loop. Under these conditions the mucosal surface will actually 
be at a negative pressure, and the mechanical factors tending to block the 
circulation will be in operation over the whole gut surface. Not until the 
pressure has been raised to +2 em., or thereabouts, will the whole surface 
be pushed away from the wire support. It is to be expected therefore that 
the points corresponding to pressures less than +2 em. will tend to fall 
relatively lower than those above this point. 

At atmospheric pressure absorption may have actually ceased, or at least 
have fallen to such a low rate as to have been impossible of certain detection 
by the method used. For the purpose of determining absorption rates, 
Hamburger employed a funnel with a scratch mark on the stem. As the 
level of fluid fell, additional fluid in known amounts was added oceasion- 
ally, and the time for the level to fall to the mark recorded. Obviously 
such a scheme does not provide for the accurate determination of small 
volume changes. 

The successful determination of absorption rates depends on the proper 
choice of methods and apparatus. For this reason, certain details of the 
procedures employed in my experiments will be presented before the actual 
data are considered. 

Metuops. In most of the experiments a helical coil of aluminum wire 
with loops separated by not more than 0.5 mm. was used to support the 
gut wall against the pressure of the atmosphere. With such a device the 
pressure lines are parallel to the large veins, the pressure is distributed 
evenly over a large fraction of the total surface and observations at nega- 
tive pressure can be carried out for many hours without evidence of inter- 
ference with the circulation. As would be expected the absorption rates 
are relatively slow when so large a part of the wall of the gut loop is in con- 
tact with the wire coil, for the absorbing surface is thereby reduced. The 
coil was made by winding no. 18 aluminum wire closely around a rod, 6 
mm. in diameter, for a distance of 14em. The coil was then removed and 
pulled out uniformly to a length of 21 em. Glass tubes, approximately 5 
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em. long, were slipped in at each end for a distance of about 5mm. Soft 
rubber tubing, ;°; inch bore by } inch wall, was slipped over each glass tube 
and over the first few coils of the wire support. The ends of the rubber 
tubes were tapered smoothly so that on inserting the coil there would be 
no damage to the mucosa from sharp edges. A constriction in each glass 
tube beneath the rubber allows the ends of the gut loop to be tied tightly 
against the rubber without danger of the gut slipping off. The outside 
diameter of the finished coil is 8 mm. and that of the rubber sleeve at each 
end is 11 mm. 

Dogs, ranging in weight from 6 to 14 kilograms, have been used as experi- 
mental animals. It was found that they had to be free from hookworms, 
as the intestinal bleeding caused by these parasites can seriously affect 
the volume studies during periods of slow absorption. The animals were 
treated with tetrachloroethylene to remove these worms and were then 
placed on a diet of lean meat, bread and milk, and kept under observation 
for at least a week in order to be certain that their condition as regards 
nutrition, ete., was satisfactory. Diarrhea is especially to be avoided. — In 
the case of approximately 30 dogs which had developed this complaint it 
was found that no fluid whatever was absorbed, even at positive intra- 
intestinal pressures. In fact in the case of all unhealthy animals used the 
condition of the intestine seems to have been affeeted so that in spite of the 
most careful handling the mucosa beeame inflamed and absorption ceased 
very early in the experiment. In such animals the normal blanching reae- 
tion of the mucosa on light mechanical stimulation is lost. The merest 
touch suffices to call forth a flush, and bleeding points may appear in the 
area within a few seconds. As it may require from 4 to 8 hours to obtain 
sufficient data for the plotting of absorption curves it is essential that 
every precaution be taken to provide animals in geod condition. 

In most instances the animals had fasted for 12 hours or longer before the 
operation. Water, however, was provided at all times. Sodium barbital 
was used as anesthetic in intravenous doses of 0.35 gram per kilo. In the 
operation a loop of jejunum, usually in a position just distal to the jejunal 
flexure, is brought out through a mid-line incision. ‘The mesentery is slit 
radially between two arterial arches, allowing a tight ligation of the gut 
loop at one end. ‘Twilled cotton tape, } inch wide, is used in making all 
ligations, for it does not cut through the musele. A slit 2 em. in length is 
made through the wall near the ligature. The wire coil is then slipped into 
the lumen and earefully worked into position. Ligatures are then placed 


around the ends of the loop over the grooves in the rubber sleeves of the 


coil. These are tied as tightly as possible. The loop is then completely 
isolated by tying and cutting away the remaining gut, which is replaced 
in the abdomen, with the exception of the free ends, which are allowed to 
stay outside to avoid excessive infection of the peritoneal cavity. 


to 
res, 
lel 
the 
ires 
the 
lly 
of 
nce 
nal 
n- 
of 
lly 
he 
he 
ice 
at 
all 
ist 
on 
he 
n- 
ly 
ill 
er 
1e 
al 
re 
1e 
1e 
d 
e 
6 
5 


214 HERBERT S. WELLS 


The isolated loop is supported in a horizontal position outside the abdom- 
inal cavity by allowing it to rest on a horseshoe-shaped piece of thin board. 
The mesentery of the loop hangs free without tension on its vessels. The 
gut loop being outside the abdominal cavity the walls remain at atmos- 
pheric pressure, a condition which is conducive to the maintenance of a 
constant pressure difference on the two sides of the intestinal wall. 

The whole animal is then placed in a metal box, containing water at 35°C. 
for a depth of one or more inches. The cover of this box is provided with a 
removable glass window and suitable holes for entrance of the rubber tub- 
ing. A cannula is placed in the trachea and connected to a short piece 
of rubber tubing in such a manner that the dog breathes the cool air of the 
outside room. Warm water is added to the box from time to time so that 
the temperature of the air inside remains at 35°C. Under these conditions 
it has been found that the rectal temperature of most animals will be main- 
tained, without panting, at the normal of approximately 39°C. Use of 
such a box provides a warm, moist atmosphere for the isolated loop. At- 
tempts to perform the experiment with the gut exposed at room tempera- 
ture have led to irregular results, for as a result of efforts to maintain the 
gut in a moist condition it becomes chilled by evaporation of the fluid 
poured over it. Violent peristalsis is set up which changes the level of 
fluid in the burette in a totally irregular manner. 

The loop is connected to the pipette or burette used in absorption rate 
determinations and to a stock bottle containing the solution to be used, 
which is maintained at body temperature. The loop is first rinsed out and 
filled. The tubing at the open end of the loop and that leading to the solu- 
tion bottle are then clamped off with hemostats, leaving the connection 
between loop and pipette open. By means of a pair of levelling bulbs the 
position of the level of the upper surface of the board supporting the loop 
can be accurately determined in relation to a centimeter scale which oecu- 
pies a vertical position close to the pipette. This level is arbitrarily con- 


. ‘ 
sidered as the atmospheric pressure or “zero pressure”’ level. 


The interference due to peristalsis is one of the greatest difficulties to be 
surmounted in attempting to determine accurately the rate of absorption, 
especially at positive pressures. At negative pressures the wall of the gut is 
held firmly against the wire coil by the pressure of the atmosphere, and 
in most experiments the peristaltic waves have not caused fluctuations of 
the fluid level greater than 0.05 to 0.10 ec. As absorption proceeds the 
pipette is moved up a distance corresponding to 0.1 ee. after the absorption 
of each 0.1 ec. of fluid. In this way the pressure is maintained approxi- 
mately constant as the volume decreases. The burette is read by the aid 
of an attached reading glass. 

A stopwatch is used to measure the time for absorption of each 0.05, 0.10 
or 0.50 ec. (depending on the speed of absorption). The successive time 
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intervals are tabulated during the progress of the experiment, and only such 
determinations are considered accurate in which variations between suc- 
cessive readings are regularly distributed about the mean. Observations 
of the rate are usually continued for at least an hour at each pressure. In 
all cases where absorption becomes progressively slower over long periods 
of time it is found that the gut loop has become edematous or that hemor- 
rhage has occurred from the mucosal surface. Many incomplete experi- 
ments have had to be discarded due to interruptions of this nature. On 
the other hand no experiment in which obvious damage to the gut or to 
the dog as a whole was absent has ever given results of a less regular nature 
than those here reported. 

Definite solutions of glucose (4 per cent) or sodium chloride (0.9 per cent 
have been used throughout. No differences in the absorption that might 
be attributed to the difference in solute effect have been observed. Dis- 
tilled water was found to cause edema of the whole gut wall, including the 
mucosa, with a gradual retardation of the absorption rate. With stronger 
solutions (6 per cent and 8 per cent glucose) the peristalsis is so marked that 
accurate determination of the absorption rate is difficult, even at negative 
pressure. 

Peristalsis interferes to a marked degree with the accuracy of absorption 
rate measurements at positive pressure. To avoid this difficulty three 
methods of attack have been tried. At first a wooden supporting shield for 
the outside of the loop was provided, similar to the apparatus deseribed in 
the article by Hamburger (1896). This gives a definite support to the 
expanded gut and therefore provides an accurate “baseline” of volume, 
which will not be much affected by the tone of the muscle. However, 
circulatory disturbances are produced, as evidenced by the appearance 
of marked edema, which have led me to discard the apparatus. The second 
method consists in measuring the decrease in volume after allowing the gut 
to dilate to a relatively stable condition of “diastolic” tone. This method 
has given consistent results but the possibility remains that one is measur- 
ing not absorption but a volume change due to a gradual and continuous re- 
laxation of the gut. To avoid this possibility of error the third method was 
adopted, in which readings of the volume were made at a negative pressure 
of -4 or -8 em., which causes the gut to collapse against the wire coil and 
provides a definite baseline of volume. The burette is then raised until a 
positive intra-intestinal pressure is produced. This pressure is maintained 
for a definite time, usually 10 minutes. The change in volume noted after 
the pressure has been again reduced to the negative baseline is taken as 


representing the volume absorbed in the given time. This method has 


given excellent results with pressures up to 12 em. Above this point and 
often at lower pressures, the gut becomes so edematous that the experiment 
must be terminated. Violent peristalsis may be set up as a result of the 
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stretching of the gut wall. Positive pressure measurements are, in general, 
much more difficult to make than determinations at negative pressure. 

In order to provide a smooth transition between absorption rates at 
negative and positive pressures it is necessary that the area of the absorbing 
surface of the gut remain constant. This condition is not fulfilled when 
the wire coil is used inside the gut —the area at negative pressure being only 
a fraction of that available when the gut wall expands away from the coil 
at positive pressure. A special clamp was therefore devised in which the 
gut could be stretched, with the intestinal wall in a horizontal plane. The 
loop is slit open longitudinally opposite the mesenteric border and the 
edges held in the clamp. The mesentery passes freely through a slot in 
the lower plate of the clamp. The upper piece of the clamp has an ellipsoi- 
dal opening which acts as a chamber to contain the solution. A glass cover 
is screwed in place, making the chamber water tight and allowing observa- 
tion of the condition of the mucosa. Inlet and outlet tubes allow the proper 
connections to be._made with the burette, and make it possible to rinse 
the chamber from time totime. A tray, consisting essentially of aluminum 
cross wires spaced 6 mm. apart, rests upon the surface of the mucosa. 
When a negative pressure is applied to the contents of the chamber the gut 
is pushed up against this grid. The wall thus receives adequate support 
without the surface for absorption being decreased to an appreciable 
extent. Such a clamp is difficult to apply and its use has resulted in only 
two experiments (out of approximately 30 attempts) in which absorption 
continued for a long enough time to enable the curve to be accurately 
plotted. 

EXPERIMENTAL. The results of 11 of the 14 complete experiments that 
have been performed are represented graphically. The data which have 
been omitted would have caused confusion due to a too close overlapping 
of the curves. In two cases parts of the results of single experiments have 
been repeated in more than one graph. 

Figure 2, plotted from data of 4 experiments chosen at random, illustrates 
the relation between intra-intestinal pressure and rate of absorption at 
negative pressures. The curves may be taken as representing a linear rela- 
tionship, in spite of an occasional point which may lie at some distance from 
the line joining all other points. The reason for these occasional dis- 
crepancies is not clear. They seem to be related to periods of vigorous 
peristalsis, during which the determination of the absorption rate is usually 
difficult and unreliable. Extrapolation of the lines to zero rate indicates 


that absorption would cease at pressures from —16to —26em. That such 
extrapolation is indeed justifiable is shown in figure 3. In these experi- 
ments the pressure was lowered far enough to cause an increase in volume 
of the fluid in the loop. These rates of increase in volume (called, for 
convenience, ‘negative absorption” rates) at different pressures allow ex- 
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trapolation to zero rate in the opposite direction. It is seen that the two 
extrapolated curves for each experiment meet the base line at approxi- 
mately the same point. 

It would be of interest to study the composition of the fluid “sucked” into 
the gut at the extreme low pressures. The fluid is not bloody and does not 
result from permanent damage to the gut, for in a number of instances 
determinations of positive and negative absorption were carried out alter- 
nately, without evidence of damage to the absorbing mechanism becoming 
evident. In this connection it is of interest to note that Hamburger (1896 
in commenting on the failure to obtain an increase in volume of the gut 
contents at a pressure of —8 cm. remarked on the absence of any evidence 
of secretion of intestinal juice under these conditions. For this study he 
used a loop filled with air. Had he carried the pressure still lower there is 
no doubt that he would have obtained fluid. 

Figure 4 presents the results of a few studies to determine the absorption 
rates at positive and negative pressures on the same animal, using the wire 
coil support for negative pressures. Above atmospheric pressure the ex- 
pansion of the gut wall away from the coil allows a much more rapid ab- 
sorption to take place. The points for positive pressure seem to lie along 
straight lines. Extrapolation of these lines to zero rate carries the (dotted 
lines to the region of negative pressure, but, curiously enough, not as far as 
to the actual points at which absorption ceases. I cannot at present offer 
any definite explanation of this failure of the extrapolations of the positive 
and negative pressure curves to intersect at zero rate. It is possible that 
the absorbing surface becomes progressively greater as the gut expands 
under pressure, thus giving rise to an absorption curve whose shape is ab- 
normally steep. One can only conclude that positive pressure measure- 
ments will not suffice for the calculation of the negative pressure which will 
cause absorption to cease. It is therefore fortunate that the accurate 
measurement of absorption rate is more easily carried out at negative 
pressure. 

Two experiments are illustrated in figure 5 which show that, when the 
area of the absorbing surface of the mucosa is kept constant, the curve of 
absorption rate against pressure is a continuous straight line, without the 
break at atmospheric pressure which characterizes the curves of figure 4. 
These two experiments are the only ones which were carried to a suecessful 
termination in a large number of attempts to obtain data by the use of the 
special intestinal clamp deseribed above. The clamp produces so much 
trauma to the gut tissue,as evidenced by the gradual appearance of bleeding 
points on the mucosal surface, that it is exceedingly difficult to study ab- 


sorption by this method over the long periods of time necessary for the 


complete plotting of an absorption curve. 
Discussion. It becomes evident from a study of the absorption curves 
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that the intestine, under the conditions of these particular experiments, 
exerts a definite absorbing force, a measure of which can be obtained by 
reducing the hydrostatic pressure of the contents of the loop to a point 
which just abolishes absorption. This force remains remarkably constant 
in each animal during the period of 4 to 8 hours necessary for the collection 
of the data. The negative pressure necessary to prevent absorption varies, 
as might be expected, in different animals, the range of pressures observed 
being from —8 to —26 em. of solution. In addition it is noted that the 
curves, representing absorption rate plotted against pressure, are straight 
lines, so that the rate may be considered to increase in direct proportion to 
the increase in hydrostatic pressure, up to and above the level of atmos- 
pherie pressure. 

The simplicity of the relationship between pressure and rate can be 
most easily explained by assuming that the absorption of fluid from the 
intestine occurs mainly as the result of the interaction of relatively simple 
physical factors. One is tempted to conclude that osmotic forces may suf- 
fice to explain the whole process. For, if we assume that on one side of a 
membrane there is a colloidal solution, whose colloid particles cannot pass 
through the membrane, while on the other side we have a solution of 
crystalloid whose solute particles pass the membrane with ease, there will 
occur a complete “‘absorption” of the crystalloid solution. To prevent 
this absorption one must either apply a positive pressure to the colloid solu- 
tion or a negative pressure to the crystalloid solution. In either case the 
excess of hydrostatic pressure on the side of the colloid is a measure of the 
colloid osmotic pressure—the absorbing force. Furthermore, as_ the 
counterbalancing pressure difference is reduced the rate of osmosis will in- 
crease in proportion. The analogy to the behavior of fluid in the intestine 
under the particular experimental conditions is complete. We may there- 
fore conclude that Starling’s suggestion that the colloid osmotic pressure 
of the tissue fluid of the villi may be responsible for absorption is justified 
by the data so far obtained. It must be emphasized, however, that there 
are certain logical deductions from such a general theory of absorption 


‘ 


which must be subjected to experimental test. 

It is well known that an animal may absorb fluid from blood serum 
placed in the intestine. This fact has frequently been offered as the chief 
objection to any physical theory of absorption. However, it is well to 
point out that such experiments have never been properly controlled. 
Granting that the colloid osmotic pressure of the serum should prevent its 
absorption, there remains the probability, which has never been ruled out, 
that the serum undergoes changes on coming in contact with the intestinal 
mucosa and the digestive enzymes. Controlled experiments should include 
observations on the colloid osmotic pressure of serum remaining in the 
intestine at the end of the absorption period. The same criticism applies to 
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experiments on the absorption of gum acacia solution from the intestine 
(Rabinovitch, 1927). It will be necessary to reinvestigate these findings. 

One must determine whether or not the normal contents of the gut exert 
a colloid osmotie pressure. Among the normal contents should be included 
the bile, the pancreatic and gastric juices, as well as the mixed contents 
containing the various common food constituents and their products of 
digestion. 

The recent work of Drinker and his colleagues (1931) indicates clearly 
that the lymph is no different in composition from the tissue fluids. Con- 
sequently a study of the colloid osmotie pressure of the lymph from the 
lacteals should be made in order to determine whether this pressure cor- 
responds to the absorbing pressure of the gut, as measured by absorption 
studies at negative pressure. The protein content of thoracic duct lymph, 
as determined by various workers (Drinker, 1931) seems to give evidence 
that the osmotic pressure of the tissue fluids of the villi may well be of the 
same order of magnitude as the counterbalancing negative pressures ob- 
served in my experiments. 

Finally, it should be emphasized that although entirely abnormal, or at 
least unphysiological, pressure changes have been produced in these experi- 
ments, there is every reason to believe that a further study of the various 
osmotie and hydrostatic factors which operate under physiological condi- 


tions will throw considerable light not only on the absorption of fluids from 


the intestine but also on the more general problems of the relation bet ween 
absorption and secretion, and of the physiological regulatory mechanisms 
which serve to maintain the normal balance in the exchange of fluid 
bet ween the two sides of the intestinal wall. The results of a further inves- 
tigation of the movements of fluid through the intestinal wall will, furt her- 
more, contribute to a more thorough understanding of the factors which 
govern the absorption, secretion and excretion of substances dissolved in 
these fluids; for the direction and rate of movement of water through a 
membrane necessarily exerts a marked influence on the direction and rate 
of passage of substances in solution. 

It has seemed advisable to suggest the above mentioned possibilities 
inherent in an osmotic theory of absorption in order that the logical corol- 
laries of such a theory may be tested. The theory as a whole must stand or 
fall on the results of such tests. 


SUMMARY 


1. Water is absorbed from solutions of glucose or isotonic sodium chlo- 
ride, introduced into isolated loops of the jejunum of the dog, at a rate which 
is constant at constant hydrostatic pressure. 

2. The intra-intestinal pressure may be lowered to a value considerably 
below that of the atmosphere before absorption ceases. 
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3. The negative pressure, just sufficient to abolish absorption, has a con 


stant value for each individual animal, and is therefore an exact measure o 
the absorbing force of the intestine. The values found in different animals 
have varied from —8 to —26 em. of solution. 

4. The rate of absorption of water is exactly proportional to the increase 


in intra-intestinal pressure above that negative pressure which just abol- 
ishes absorption. 
5. These relationships may be expressed in the form of the absorption 
equation: 
y= k(x —b) 


where y is the rate, k is the constant of proportionality, x is the intra- 
intestinal pressure, and b is a constant which is measured by the pressure 
that abolishes absorption. 

6. The simplicity of the above relationships indicates that absorption of 
fluid may be attributable to simple physical factors. 

7. The suggestion of Starling that absorption of fluid is due to the colloid 
osmotic pressure of the tissue fluids of the villi seems to explain all the ob- 
served facts, and is accepted as a working hypothesis. 

8. Some possibilities with regard to the regulation of the water exchange 
between the gut and the tissues, which are suggested by the osmotic theory 
of absorption, are considered in relation to the need for further study of 
these problems. 
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THE EFFECT OF A DIET OF POLISHED RICE ON THE MINERAL 
CONTENT OF THE CARCASSES OF PIGEON®S':? 
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Contribution from the Department of Chemistry of the Kentucky . 


Expe riment Station 
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Recent investigations show that vitamin B contains as many as three 
different factors, B-1, the antineuritie factor, B-2, the antipellagric factor, 
and B-3, the factors responsible for increase in body weight. 

The most pronounced example of vitamin B-1 and B-3 deficiency can 
be produced experimentally by feeding polished rice to pigeons. The 
purpose of the experiments described in this paper was to ascertain whether 


or not a diminution in one or more of the mineral constituents of the ash 
of the carcasses of pigeons would occur when they are brought down with 
experimental polyneuritis as the result of feeding polished rice. 

In polishing rice the very thin, brown pericarp and germ are eroded 
away by a special kind of friction machine. Although the amount of 
material removed from the grains is very small, the composition of the peri- 
carp is such that analyses of the polished and unpolished grains show that 
some rather marked alterations in chemical composition are brought about 
in the process of polishing. The results of the analyses of the polished and 
unpolished rice are contained in table 1. 

The analyses show that the unpolished rice contains more than four 
times as much ash as the polished rice. The percentages of copper, zine, 
sodium, nitrogen, sulfur and fat have not been seriously diminished as a 
result of polishing. The percentages of manganese, iron, and phosphorus, 
however, have been reduced to a little less than half, and those of caleium, 
magnesium and potassium to about a third of the corresponding percent- 
ages in the unpolished rice. 

The following experiments were performed to ascertain what changes 
take place in the mineral constituents of the ash of the carcasses of pigeons 
when they are fed polished rice until polyneuritis develops. 


' The investigation reported in this paper is in connection with a project of the 
Kentucky Agricultural Experiment Station and is published by permission of the 
Director 

? Presented before the Division of Agricultural and Food Chemistry of the Amer- 
ican Chemical Society held at Indianapolis, Mareh 30—April 4, 1931. 
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Lot 1 were normal pigeons which were chloroformed, the intestinal tract 
removed, the careasses dried at 100°C., and ground for chemical-analysis. 

Polished rice was fed as the only diet to lot 2 until polyneuritis developed. 
The pigeons were then chloroformed and their carcasses prepared for analy- 
sisasinlot 1. In lot 3 the pigeons were brought down with polyneuritis in 
the same way as lot 2 but were then fed unpolished rice until they regained 
their normal weight, when they were chloroformed and their carcasses 
prepared for analysis asin lot 1. The results of careful and detailed chemi- 
cal analyses of the ash of the three lots of pigeons are contained in table 2. 

It is to be observed from the results contained in table 2 that the pigeons 
which were brought down with polyneuritis by feeding polished rice lost 
approximately one-third of their normal body weight in the meantime. 
That this loss was due principally to metabolized flesh is indicated by the 
larger percentages of ash, and smaller percentages of phosphorus and potas- 


rABLE 1 


Analyses of polished and unpolished rice, in per cent of the moisture-free material 


POL- UNPOL- POL- UNPOL- 
ISHED ISHED ISHED ISHED 
RICE RICE RICE RICE 


Ash 0.42 1.90 Phosphorus 0.104 O 
Copper 0.0003 0.0003 Sodium 0.060 0 
Manganese 0.0013 0.0028 Potassium 0.073 | 0 
Iron : 0.0032 0.0076 Protein | 8.56 
Calcium =e 0.028 | 0.079 | Sulfur 0.257 
Magnesium es 0.047 | 0.192. Ether extract (fat).. 4.46 


sium in the ash of the pigeons. The pigeons which were brought down with 


polyneuritis regained their normal body weight on unpolished rice but did 


not make a complete recovery of phosphorus in the ash of their carcasses. 
The potassium content, however, was restored to nearly a normal condi- 
tion in the ash of these pigeons. 

The percentage of calcium in the ash of the polyneuritic pigeons was a 
unit and seven-tenths larger than the normal, whereas in the cured pigeons 
it was slightly less. The percentage of phosphorus in the polyneuritic and 
restored birds was one and seventy-five-hundredths units and three and 
four-tenths units smaller, respectively than the normal. This fact sug- 
gests a loss of mineral matter during the time that the pigeons were receiv- 
ing only polished rice. The percentage of potassium in the polyneuritic 
pigeons was distinctly less than in the normal birds but nearly the same as 
in the normal pigeons in lot 3. 

In lot 4 the pigeons were fed polished rice until polyneuritis developed, 
after which each pigeon was fed a different cereal to ascertain if these grains 
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possessed the property of curing polyneuritis and restoring the loss of body 
weight. The results obtained with wheat, barley, rye, unpolished rice, 
white corn and yellow corn are shown in the graph. It is to be observed 
that wheat, unpolished rice and yellow corn possessed the property of cur- 
ing polyneuritis and restoring the body weight to a normal state. Yellow 
corn accomplished this more slowly than wheat or unpolished rice. This 


F fate Ceo 7 6739 
weernrs weens 


TABLE 3 
Analyses of barley, white corn, yellow corn, rye, wheat and unpolished rice, in per cent 
of the moisture-free material 
WHITE YELLOW 


BARLE Ww LAT 
Y CORN CORN HEAT ISHED 
RICE 


Ash 3.23 49 2.14 2.08 78 1.90 
Copper 0.0004 0003, 0.0003 0004 0008 0003 
Manganese ‘ , 0.0019 0008 0.0030 0010 0 0060 0028 
Zine ; ; 0.0057 0048 0044 0048 0.0043 003 
Iron . ; ‘ 0.0053 0034 0067 0053 0078 0076 
Calcium. 0.061 021 O98 021 063 079 
Magnesium 0.173 156 196 150 168 192 
Phosphorus : 0.467 298 391 380 351 222 
Sodium ; 0.254 117 200 123 193 063 
Potassium P ' 0.660 208 463 465 0.456 261 
Silica (SiO,) 0.720 067 O85 074 0.077 
Nitrogen paw 1.90 ' 2.19 1.75 2.15 41 
Protein (N X 6.25 11.88 ‘ 3.70 (10.95 13.45 8 81 


Moisture in air-dry material....... 8.29 8.28 | 8.02 | 9.66 


fact shows that whole wheat, unpolished rice and yellow corn contain the 
B-1 and B-3 vitamin factors, although yellow corn apparently contains 
less of these factors than wheat or unpolished rice. 
A complete analysis of the ash of each of these cereals was made. The 
results, calculated to the moisture-free condition, are contained in table 3. 
From table 3 it will be observed that the cereals which cured the pigeons 
and produced normal gains in body weight contain slightly larger quanti- 
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MINERAL CONTENT OF PIGEONS FED POLISHED RICE 


ties of copper, manganese and iron than the cereals which did not effect 
any gain in body weight. This observation suggested further experiments 
in which pigeons were brought down with polyneuritis and small quantities 
of inorganic salts of manganese, copper, zine, iron and various mixtures of 
these were injected into the blood stream of the afflicted pigeons. Four 
males and 2 females were given injections of the following: One male was 
given intraveneous injections daily of 1 cc. of a solution containing 0.0001 
gram Mn; one male was treated likewise with a solution containing 0.0001 
gram Zn per cc.; another was treated with 0.0001 gram Mn and 0.0001 gram 
Zn daily; and the fourth male was injected with 0.0001 gram each of Cu, 
Mnand Zn. The two females were treated likewise, one with 0.0001 gram 
Cu and 0.0001 gram Mn. The other with Cu + Mn + Zn. No perma- 
nent relief was obtained with any of the elements injected. 

DiscUSSION OF THE RESULTS. Beccari (1) has found that potassium 
exerts a stimulating effect on the nerves and increases muscular contracti- 
bility when fed in the form of inorganic salts. Miller (2) discovered that 
growth of young rats was greatly retarded by reducing the potassium con- 
tent of the diet to less than one-tenth of one per cent, although no other 
marked abnormality was observed. He states that inadequate potassium 
in the diet during the very early development of the animals not only pre- 
vented growth of body tissues but caused abnormal physical changes, such 


as respiratory trouble, and edema of the eyes. Moreover, when potassium 


was added to the diet, growth resumed rapidly. 

Osborne and Mendel (3) in a series of metabolism experiments stressed 
the importance of potassium in the diet and the inability of sodium to 
replace potassium functionally. 


SUMMARY 


In polishing brown rice, substances containing considerable quantities 
of ash, manganese, iron, calcium, magnesium, phosphorus and potassium 
are removed in the offal. When pigeons are fed polished rice until poly- 
neuritis develops, analyses of the ash of their carcasses show marked dimi- 
nution in magnesium, phosphorus and potassium content as well as in the 
content of some of the minor constituents. 

Unpolished rice, wheat and yellow corn cured polyneuritis and restored 
normal body weight, showing that they contained vitamin B-1 and B-3 
factors, though yellow corn produced slower recovery and gain in body 
weight than unpolished rice and wheat. Barley, rye and white corn con- 
tained vitamin B-1 but were deficient in the vitamin B-3 factor. Wheat, 
unpolished rice and yellow corn contained more of the elements copper, 
manganese and iron than barley, rye and white corn, which leads the 
authors to infer that the minor mineral constituents as well as the major 
constituents calcium, magnesium, phosphorus and potassium, are factors 
in protecting pigeons from polyneuritis. 


J. S. MCHARGUE AND W. R. ROY 
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A STUDY OF SPONTANEOUS ACTIVITY IN THE EXCISED 
UTERINE HORNS OF THE RAT, BY AN IMPROVED METHOD 
O. G. HARNE 


From the De partme nt of Ph ysiology, University of Maryland 


Received for publication June 29, 1931 


Since the work of Kehrer (1) the method for immersing uterine strips and 
oxygenating the immersion medium has not changed appreciably. Smith 
and MeClosky (2) and Pittenger (3) have offered elaborate apparatus but 
have not improved upon the original in principle. Using the method of 
Kehrer (1) or Laidlaw and Dale (4), Blair (5) studied the contraction rate 
of the rat’s uterus and reported upon the relation of 2 types of contraction 
(maximal and submaximai) to the events of oestrus. Clark, Knaus and 
Parkes (6) using essentially the same method found no certain relation 
between frequency of contraction and the stages of the oestrous cycle. 

It is evident that in studies upon excised uterine preparations by these 
methods, where the normal spontaneous activity is recorded, wide varia- 
tions in activity exist, while if the tissue is stimulated or depressed by some 
powerful agent a more constant response occurs. This is certainly true in 
biological standardization experiments. 

In the present paper a study is made of the normal spontaneous contrac- 
tions of the excised uterus of the adult virgin albino rat kept under con- 
trolled conditions. The spontaneous muscular contractions evoked are 
studied by an improved method, and considered from 3 aspects: 1, the 
types of contractions; 2, activity as related to the oestrous cycle, and 3, 
reaction to certain experimental treatment. 

Apparatus. The apparatus used for this work (see fig. 1) consists 
essentially of 3 units. /, A muscle chamber, m, of 50 cc. capacity; 2, a 
reservoir FR, of 100 ce. capacity to facilitate refilling of the muscle chamber, 
and 3, a pump O, which provides a means for oxygenating and gently 
circulating the immersion medium. Pyrex glass is used throughout and 
the immersion medium is Locke's solution. 

The muscle chamber is provided with an overflow vent C, and an L-tube 
A, for fractional evacuation. It communicates with the reservoir by 
means of a stout capillary tube (1 mm. bore) on the course of which is a 
three-way stopeock 2, through which the solution from the reservoir is 


passed to the muscle chamber or discarded. 


The pump—a system of tubes (3 mm. bore) communicates with the 
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muscle chamber at 2 points, /, the bottom where it takes its charge,’and 
2, at the level of the Locke’s solution where it discharges. It is provided 
at its upper end with an expansion bulb G, which acts as a safety reservoir 
during violent pump action, and a side limb L, (1 mm. bore) through which 


oxygen is admitted. 


| 


Fig. 1. Showing apparatus used in the study of excised uterus. m, muscle cham- 
ber; PR, reservoir in which solutions are placed, preparatory to refilling muscle cham- 
ber; O, pump; /, stopcock for regulating oxygen flow; L, capillary tube (1 mm. bore 
through which oxygen passes to pump; U’, point at which oxygen bubbles form; G, 
expansion reservoir; C, overflow vent; A, exhaust tube for fractional evacuation of 
chamber; 2, three-way stopcock; B, direction of fluid when pump is not operating; F, 
removable foot; H, represents uterine horns suspended between foot, and writing 
levers; 7’, level to which the whole apparatus is immersed in a constant temperature 
bath at 37°C.; D, outlet of L-tube; Z, communication between muscle chamber and 
top of pump; ), communication between bottom of muscle chamber and pump; seale 


in centimeters. 


The removable foot F, is an independent unit made to rest by a hook 
upon the chamber wall, and acts as the anchoring point for the tissues. 

Oxygen is supplied from a tank, through a diaphragm valve at 2 pounds 
pressure. It is washed through a 1 per cent aqueous solution of sodium 
bicarbonate, which is renewed at 3 hour intervals. The degree of agitation 
of the solution is determined by the rate of flow of oxygen. 
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In this apparatus two experimental difficulties have been overcome: | 
the circulation and oxygenation of the Locke’s solution is accomplished 
without disturbing the immersed tissue; 2, the immersion medium of the 
muscle chamber can be changed without exposing the tissues therein to the 
air. 

Manipulation and preparation of the apparatus. The apparatus is sup- 
ported by a clamp fixed to a stand, and all immersed in a constant tempera- 
ture bath at 37°C., to within 1 em. of the overflow vent C. The muscle 
chamber and reservoir are filled with fresh Locke’s solution, care being 
exercised that stopcock 2 is in a neutral position. The oxygen flow is 
adjusted at stopcock 7 to about 2 bubbles per second. In 6 minutes the 
temperature, amount of dissolved oxygen and pH should be constant. 

To effect a change of the solution in the muscle chamber without expos- 
ing the tissues to the air, 3 steps are necessary: 1, With a filter pump or 
other suitable means aspirate fluid through L-tube A to level D, (this does 
not expose the tissues); 2, with the aspirator still operating slowly pass 
Locke’s solution in through stopeock 2, until at least 50 ee. have been 
used; 3, discontinue the exhaust allowing the muscle chamber to slowly 
re-fill to overflowing. Continue the flushing with Locke’s solution until 
all traces of the previous solution have disappeared. This usually con- 
sumes roughly 100 ec. of Locke’s. 

Variations of this procedure produce equally good results, so long as the 
principles are adhered to. 

LOcCKE’s SOLUTION. Formula: 

Sodium chloride c.p. oe 9 000 grams 

Potassium chloride ¢.p $20 gram 

Calcium chloride 2H.O 240 gram 

Dextrose, anhydrous powder 500 gram 


Sodium bicarbonate q.s. pH 8.0 about 5OO am 
Double distilled water q.s 1000 ce. 20°C 


This solution is prepared daily and kept at room temperature. The pH 
is adjusted to 8.0 at 20°C. with sodium bicarbonate. When oxygenated 
the pH drops to 7.7, where it remains within narrow limits for 3 hours. 
The specific conductivity is 1.6 K 10°? reciprocal ohms at 25°C. The 
amount of dissolved oxygen varies slightly but does not affect noticeably 
the activity of the tissues so long as it is kept above 0.03 ec. per 100 ce. of 
Locke’s. The method of oxygenation herein described offers a wide margin 
of safety—the solution showing an average of 0.035 ec. of oxygen per 100 
ec. of Locke’s. (Determinations made by the Winkler method. ) 

ANIMAL MATERIAL. The rats used in these experiments were selected 
for age, weight, and condition. Animals 90 days old, weighing 120 grams 


each (plus or minus 5 gm.) and in good condition were grouped as follows: 


1, litter mates from our own stock; 2, litter mates from 2 outside sources; 
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3, individuals from our own and outside stocks. These were segregated 
and placed upon our standard diet,’ which was kept constantly before 
them. These groups represented our source of presumably normal ani- 
mals. The certainty of their normal condition was ascertained by daily 
or even hourly vaginal smears following the technic of Long and Evans (7). 
A satisfactory repetition of 4 or more complete cycles as demonstrated by 
this smear method was the criterion by which the animal was adjudged 
sexually normal. Only those so selected are reported in this paper. 
Metuop. The animal is selected, and weighed. A final vaginal smear 
is made. The animal is then killed by a blow on the head, the abdominal 


Fig. 2. Showing close similarity of maximal contractions in stage III. Three 
different animals are represented, with records from both horns made simultaneously. 
The responses of the right horns are always higher than the left, due to the slight 
difference in length. The right horns are longer. 


wall is opened, the horns are quickly cut free of their attachments and 
removed to oxygenated Locke’s solution at room temperature. Here one 
end of each horn is immediately attached by thread to the removable foot 
of the apparatus, while to the opposite ends are tied long threads for 
attachment to the recording levers. The horns are then quickly trans- 
ferred to the muscle chamber and the free threads connected with the 


recording lever which should exert a pull of from 4 to 1 gram. By so 


adjusting the pull of the levers no detrimental effects result, and it does 


facilitate recording barely perceptible responses. 


‘Whole wheat 64.5; casein 15.0; klim 10.0; sodium chloride 1.0; calcium carbonate 
1.5; butter 8.0, supplemented by whole milk and leafy vegetables on alternate days. 
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By this method paired horns from a given animal respond so nearly alike 
as to appear identical, and if horns from different animals in exactly the 
same stage of the oestrous cycle are used they likewise respond similarly 
both in rate and,amplitude of contraction. (See fig. 2 

Not only is similarity of response shown by this method, but also differ- 
ences even though slight. Whole horns excised at different stages of the 
oestrous cycle react quite differently, and if a uterine horn be divided into 
segments and these permitted to record their individual activity, we find 
that under certain conditions the segments respond similarly, while under 
others they differ widely. Thus in stage III the segments react with 
remarkable similarity, while in no other stage is this true. On the con- 
trary in all the other stages the tubal end responds like a whole horn, while 


Fig. 3. Showing the activity of proximal and distal halves of uterine horns, as thes 
occur in different stages of the oestrous cycle. Note the absence of submaximal 
contractions in the distal ends 


the vaginal end always shows a slower rate of contraction and seldom 
exhibits the more delicate responses. (See fig. 3.) 


Types of contractions. With the animal material of this series and using 
the method just deseribed, we found 3 types of contractions elicited by the 
uterus (see fig.4). (A 4th type appears elsewhere, but is outside the scope 
of this paper.) These types are: 

1. Maximal contractions: these are complete powerful responses, involv- 
ing the entire segment or horn. They are evoked by all excised tissue of 
this series, whether it be an entire horn or only a segment. The frequeney 
with which they occur varies with the stage of the oestrous cycle. (See /, 
fig. 5.) 

2. Submaximal responses: those having all the major characteristies of 
maximal contractions, but which vary in amplitude from a mere beat to 


maximum height. (See 2, fig. 5.) They, too, are characteristic responses 


of this series, but are practically annihilated in stages I and II, and com- 
pletely over-shadowed by maximal contractions in stage ITT. 
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3. Circular contractions: these are poorly recorded by this method but 


are reflected upon the record as barely perceptible responses, having a slight 
amplitude and a broad peak. (See 3, fig. 5.) They are easily confused 
with submaximal contractions approaching obliteration, but can be identi- 
fied by experimental treatment, which will be described presently. 

4. Composite contractions: in this type one contraction is superimposed 
upon the other. (See 4, fig. 4.) They are irregular and are not observed 


Fig.4. Showing the 4 types of spontaneous contractions of the uterus: /, maximal; 


, submaximal; 3, circular; 4, composite. 


Fig. 5. Showing types of contractions in different stages of the oestrous cycle of 
the rat. 1, Maximal, involving entire horn. All stages. 2, Submaximal, involving 
principally the tubal end. Stages IV, V, and late II. 3, Reflection of circular re- 
sponses. Stages I and IT. 

Note. Composite responses seldom appear in the sexually active uterus. (See 


fig. 2 


in the responses of this series. (A study of this contraction is now in prog- 
ress. ) 

If attention be now directed to the relation of maximal and submaximal 
contractions to the different phases of the oestrous cycle (see fig. 5), as 
determined by the vaginal smears, it will be observed that, traced succes- 
sively from stage III the maximal contractions are replaced in an orderly 
manner by submaximal contractions throughout the remainder of the 
cycle, and that the latter progressively dwindle and finally disappear. 
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Thus, stage IV shows alternate maximal and strong submaximal con- 
tractions. In stage V a further alternating group of maximal contractions 
have dropped out and the substituting submaximal contractions have 
dwindled in size. In stage I the maximal contractions have reached a 
minimum in number while the submaximal contractions have completely 
disappeared. In stage II (early) the maximal contractions are as in the 
preceding stage, but there is a feeble evidence of returning submaximal 
contractions. This picture in stage II (late) or early stage IIT is replaced 
by well developed submaximal contractions interposed between still 


widey separated maximal responses; one submaximal contraction having, 


4 


Fig. 6. Showing the reaction of 2 uterine horns of an animal in stage I to small 
doses of pituitrin ‘‘0."’ The section of the record marked Control is a small strip but 
represents the type of response over a l-hour period. In this time the ratio of 2 sub- 
maximal to 1 maximal contraction had not changed in either horn. Note that after 
all contractions become maximal, further addition of pituitrin affects both rate and 
tonus. 


however, attained almost the size of the maximal contraction. Further 
amplification of growth of these submaximal contractions leads directly 
to the pattern as seen in stage III and to a completion of the eyele. Thus, 
submaximal contractions may be interpreted as phases of obliteration or of 
restoration of maximal contractions in the process of rhythmic slowing or 
accelerating of the uterine muscle, this rhythm following faithfully the 
rhythmic cycle as shown by vaginal smears. 

The reaction of submaximal responses to pituitrin. If the above deseribed 
phenomena have been correctly interpreted it should be possible by appro- 
priate artificial stimulation to transform the quiescent uterus of stage I into 
the active state or stage III, thus reversing the ‘dropping out” process of 
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submaximal contractions. Thiswasdone. The uteriof animals in stage | 
were prepared in the usual manner, and to the bath were added minute 
doses (0.00125 to 0.005 ce.) of pituitrin ‘O” at intervals of 10 to 15 min- 


TABLE 1 
Results obtained when animals were selected for the experiment by the vaginal 


smear method 


GS—SME 
NUMBER OF HORN ARKS ORK 


grams om. gram-cm 
164 Epithelial cells Mid-stage 14 
168 Few cornified cells ; Oestrus 
164 oa. Many cornified cells 3.4 Late oestrus 
168 Much cornified ma- Mid-stage 
terial 
162 ’ | Cornified cells, epi- 
thelial cells and 
leucocytes 
Leucocytes and corni-| Early V 
fied cells 
Leucocytes only 3.§ Mid-stage 
Leucocytes and few 3.! Late V 
epithelial cells 


TABLE 2 
Results obtained when animals were killed at approximately 10-hour intervals over 
entire cycle 
ANIMAL HOURS AFTER! LENGTH VAGINAL SMEAR—FINDINGS 


NUMBER GHT OESTRUS OF HORN RK BEF patente nay WAS REMARKS 


grams gram 


164 Oestrus 14 Cornified cells Oestrus 
165 16 Cornified cells Oestrus 
162 25 ; 75 Cornified cells Late oestrus 
168 35 43. Cornified and leuco- | Early V 
cytes 
Leucocytes Stage 
Leucocytes Stage 
Leucocytes Stage 
Leucocytes Stage 
Leucocytes and few Late V 
epithelial cells 
Epithelial cells Stage I 


165 45 
170 
165 
172 


164 


bo 


170 


utes, until all the submaximal contractions became maximal. (See fig. 6.) 
In this manner the restorative phase of the cycle is duplicated. What part 
pituitrin plays in this process as it occurs in life we cannot say. In this 
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instance it serves to confirm the assumption that the contraction types 
as observed at various stages of the oestrous cycle are the result of vary- 
ing degrees of activity of the uterine musculature, and can be interpreted 


as above outlined. 

The curve of activity of the oestrous cycle. From the standpoint of activity 
of the uterine musculature there seem to be no divisions according to 
stages, but rather a gradual transition, producing a wave of activity for the 
entire cycle, the phases of which coincide with the oestrual stages as shown 
by the cell pictures of the vaginal smears (table 1). The least active 


stage (early stage II) will be seen to immediately precede the most active 
stage (stage III), which in turn is succeeded by an intermediate stage of 
activity progressively diminishing through stages IV, V, and I, toward the 
point of least activity, (stage II early) but never becoming entirely inactive. 
This wave of activity in this series faithfully repeats with each cycle. 

The results presented in table 1 were checked by a second series of experi- 
ments based upon chronological data. The animals were killed at intervals 
of 10 hours throughout the cyele, all calculations being made from oestrus 
(table 2). The results obtained are expressed in gram-centimeters of 
work per hour, thus establishing confirmation by a method quite inde- 
pendent of that based upon the oestrual stages. 

Curves constructed from these tables favorably coincide with each other. 

We feel that either of the above methods will result in the establishment 
of a curve of activity for the oestrous cycle that will closely represent at 
any period of the cycle the spontaneous activity of the excised structure 
for that moment. 


CONCLUSIONS 


1. An improved method for handling the excised uterus of the rat is 
presented, and new apparatus described. 

2. The rhythmie variations of the uterine contractions are due to the 
gradual suppression of maximal contractions, with their subsequent rest ora- 
tion, the contraction type conforming to the so-called stages of the oestrous 
cycle. 

3. The peak of muscular activity occurs in stage ITT. 

4. In this series the activity of the uterus ranged from 10 gm.-em. of 
work in stage II to 75 gm.-em. in stage ITI. 

5. Faintly perceptible responses are transformed into maximal contract- 
tions by the use of minute doses of pituitrin. 
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Although numerous studies have been made on the mechanism control- 
ling the flow of bile into the duodenum, the literature is not in agreement 
It is agreed anatomically that muscle fibers pass about the intra- 
mural portion of the common duct in such a manner as to exert a sphine- 
teric action and the majority of anatomical investigations agree that 
there is a special constrictor about the orifice of the papilla; but the exist- 
ence of a special sphincter has been questioned and even denied by those 
who regard muscular tonus of the duodenum as the sole controlling factor. 
The literature up to 1928 is reviewed by Babkin (1928). 

It occurred to the author that by studying the “‘pressure gradient” in 
the intramural portion of the common duet with a special device for ascer- 
taining pressures at various levels, one might be able to determine the rela- 
tive réle played by the duodenal fibers surrounding the duet and prove o1 
disprove the existence of a sphincter at the ampulla. Further, since no one 
has recorded graphically and simultaneously by adequate methods the 
pressure relations between the common duct and duodenal musculature 
under various conditions (Copher and Kodama, 1926), such as changes in 
duodenal motility and tone under nerve and drug stimulation, it was de- 
cided to make such a study with the hope that an absence or presence of a 


correlation in the pressure relationships might provide decisive data. 


Meruops. In all experiments anesthetized large dogs (18-22 kilos 
were used. Since trauma to or incision of the duodenum would probably 
alter the results, the duodenum was not incised in any of the experiments 
and was manipulated as little as possible, except in three experiments to be 
described later. 

For recording duodenal tone and motility a condom balloon was used 
which was approximately two inches long. The balloon was inserted into 
the duodenum through a slit in the stomach near the pylorus and passed 
down to the level of the intramural portion of the common bile duct. A 
ligature at the site of the incision in the stomach held the balloon in place. 
The balloon was connected to a water manometer for recording peristalsis 
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and pressure levels. Only a few cubic centimeters (3-5) of air were placed 
in the balloon in order to avoid overdistention of the duodenum. 

For recording the resistance offered to the flow of fluid into the duode- 
num, the apparatus used was an adaptation of that of Elman and McMaster 
(1926). The inflow in drops was recorded on the smoked drum by observ- 
ing the dripping bulb. In order to measure and record the pressure on the 
drum it was necessary to use bromoform in the manometer (sp. gr. 2.65). 
An appropriately flexed glass cannula was inserted into the extramural por- 
tion of the duct about 4 em. above its entrance into the duodenum and 
connected to the perfusing fluid in the large Trendelenburg jar. This jar 
could be easily lowered and raised to or set at any desired pressure level 
and was connected with the bromoform manometer. Ringer’s solution 


Fig. 1. The figure shows the special device used for studying the intramural 
‘pressure gradient.’’ The inner system through which the Ringer's solution passed 
consists of brass tube, A, connected with the stiff rubber tube, F, which is connected 
with the brass cannula, 7. The outer system consists of brass tube, C, rubber pres- 
sure tubing, D, glass tubing, #, rubber pressure tubing, G, and glass cannula to be 
tied into the extramural portion of the common duct. By means of the thumb screw 
the inner system could be moved within the outer system. J 1s the orifice of the 
brass cannula which is protected by a nipple of solder. 


was the fluid used in all experiments and the temperature was maintained 
at 38.0°C. by means of a thermostat and water jacket. 

For recording and measuring the intramural “pressure gradient” in the 
duct, a special apparatus was used (fig. 1). The apparatus is made up 
essentially of an outer and inner tube system, the outer system being fixed 
and the inner system through which the Ringer’s solution flows being mov- 
able inside the outer. This device consisted of an outer glass tube 4 mm. 
in diameter appropriately flexed at the distal end to join a large glass can- 
nula placed in the duct. Inside of the straight portion of the glass tube a 
brass tube 2 mm. in diameter was placed. At the flexed portion of the 
outer glass tube a stiff rubber tube 3 mm. in diameter was connected to the 
brass tube. Inside the glass cannula in the duct was placed a brass cannula 
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1.5 mm. in diameter with a smooth rounded end, outlet on the side at the 
end, which was connected with the stiff rubber tube. This inner system of 
brass tube, stiff rubber tube and brass cannula was attached to a thumb 
screw device. This made it possible to push the brass cannula at will 
through the glass cannula into the duct and down millimeter by millimeter 
into the intramural portion of the duct and out through the ampulla into 
the lumen of the duodenum and back again, measuring the pressure of 
inflow at the various levels. 

Resutts. The pressure necessary to cause fluid to flow from the duet 
into the duodenum will be referred to as the perfusion pressure or intra- 
mural resistance. 

Since seventy-five dogs were used in this study, it is impractical to cite 
all experimental results in detail. 

Anesthesia. In order to determine the most suitable anesthetic several 
preliminary experiments were performed. It was soon found that barbital 
(0.15-0.20 gm. per kilo) was the most suitable in that it interfered less 
with the tone and motility of the duodenum. However, it was necessary 
at times to use ether during the operative procedures after which it was 
withdrawn. Deep ether anesthesia abolished the tone of the duodenum 
and greatly reduced the perfusion pressure. Morphine increased the 
amplitude of the duodenal peristalsis and increased the perfusion pressure, 
and was used very effectively to study the relation between duodenal peri- 
stalsis and the perfusion pressure. Asphyxia increased markedly the 
intramural resistance and agumented duodenal tone and peristalsis. The 
effect of asphyxia was studied because of the blood pressure reducing effects 
of some of the drugs to be used. 

Mechanical effects. Early in each experiment considerable care had to 
be exercised to avoid artificial pressure due to mechanical occlusion. 
However, one soon learns to detect and avoid this complication. 

It was necessary to study the effect of the amount of air in the balloon 
on tle perfusion pressure. It was found that as the pressure in the balloon 
was increased and decreased, corresponding changes in perfusion pressure 
resulted; but the balloon had to be distended considerably in order to 
materially influence the perfusion pressure. Nevertheless, only that 
amount of air was placed in the balloon which did not affect perfusion 
pressure, which amounted generally to about 5 ee. of air. This was tested 
in each experiment. 

Initial perfusion pressure or intramural resistance. In the series of 75 


dogs the average initial pressure was 160 mm. H,O. The greatest number 


varied between 110 and 135, the maximum being 590 and the minimum 
65 mm. H.O. 

Effect of vagus on intramural resistance. Section of the right vagus 
resulted in a decrease in intramural resistance in 10 out of 17 dogs, no 
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change in 6 and an increase in 1. The intraduodenal pressure showed no 
change in 11, was increased in 1 and decreased in 5. The increase in 
duodenal pressure was accompanied by an increase in intramural resistance. 
In one case a decrease in duodenal pressure was accompanied by a decrease 
in intramural resistance. Section of the left vagus after the right usually 
was without effect. A further decrease in resistance without change in 
the duodenum was noted in one ease (fig. 2, D). Irrespective of how the 
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Fig. 2. This figure shows the effect of vagus section, d, and stimulation, A, B, C, 


on duodenal tone and intramural resistance. A tracing showing the effect of belch- 
ing and epinephrine is included. 


resistance was affected, it generally returned to normal within ten minutes. 
An analysis of the data on the initial intramural resistance and duodenal 
tone and the variable response to sectioning of the vagi shows no correlation. 
This statement holds true for vagus stimulation also. 

Stimulation of the right vagus peripherally with the left vagus intact 
resulted in a decrease in intramural resistance in 5 and an increase in 5 dogs 
(fig. 2, A and B). The intraduodenal pressure was increased in 6, decreased 
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in 2, and no change occurred in 2. In two dogs an increase in duodenal 


pressure was accompanied by a decrease in intramural pressure; but in none 


did a decrease in duodenal pressure accompany increase in intramural 
resistance. 

Stimulation of the right vagus centrally with left vagus intact decreased 
the intramural resistance in 4, and increased it in 1, and no change occurred 
in 2 dogs (fig. 2, C). The intraduodenal pressure was increased in 1, 
decreased in 3, and no change occurred in 3. In one case the intramural 
resistance decreased and the duodenal pressure increased. After both vagi 
were cut, stimulation of the right vagus peripherally caused only an in- 
crease in resistance and stimulation of the central end was usually ineffec- 
tive, although a decrease was noted in a few instances. 

The reader may wonder why the results in each dog are not analyzed. 
This was done, but did not throw further light on the situation, because the 
response varies in the same dog from time to time. For example, in one 
of the ten dogs, stimulation of the right vagus peripherally on one occasion 
caused an increase in duodenal tone with an increase in intramural resist- 
ance, and then later it caused an increase in duodenal tone with a decrease 
in intramural resistance. The following points are quite evident from our 
results: a, the right vagus exercises a tonic motor control over the muscula- 
ture surrounding the intramural portion of the common bile duct, irrespec- 
tive of changes in the duodenal musculature; b, stimulation of the right 
vagus peripherally may increase or decrease intramural resistance irrespec- 
tive of duodenal changes (fig. 2, A and B); c, stimulation of the right vagus 
centrally usually causes a decrease in intramural resistance. The most 
important point is that the changes in intramural resistance do not always 
follow the changes in intraduodenal pressure. 

Belching. Since it is so unusual for the dog to belch and since no one 
has ever had a balloon in the duodenum during the act of belching, it is 
worth while to record the changes that occurred in one instance. In dog 
23 unexplained changes in the pressures were noted and then gas was eruc- 
tated from the stomach. A study of the tracing (fig. 2, EF) shows that early 
in the act, intraduodenal pressure decreased as did the intramural resistance 
or perfusion pressure. Later there occurred a marked contraction of the 
duodenum with a cessation of flow from the duct into the duodenum. Part 
of the marked rise in duodenal pressure is attributable to skeletal contrac- 
tion but not all (fig. 2, E, a). 

The relation of duodenal motility to intramural resistance. Early in this 
work it was observed in the dogs which showed good spontaneous duodenal 
peristaltic activity that the intramural resistance varied with the peristaltic 
movements and that the flow from the duct into the duodenum was inter- 
mittent. This could be demonstrated in most dogs after exciting peristal- 
tic activity with morphine. This was best demonstrated graphically 
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on the tracings by raising the pressure level to the point at which only a 
small amount of inflow was recorded. The resulting tracings (fig. 3) 
showed unquestionably that the inflow was usually intermittent and syn- 
chronized with the duodenal peristalses. During the contraction no 
flow into the duodenum occurred but during relaxation inflow occurred. 


Fig. 3. This figure shows the relation between duodenal peristalses or contrac- 
tions and inflow from the common duct into the duodenum. 


This phenomenon was not an artifact due to the balloon because it occurred 
whether or not the balloon was inflated or in place. The correlation be- 
tween relaxation and decreased resistance to flow was not always as per- 
fect as demonstrated in the tracings shown in figure 3. The decreased 
resistance to flow was sometimes observed early in relaxation and at other 
times late just preceding the subsequent contraction of the duodenum. 
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Occasionally contraction and relaxation of the duodenum would occur 
without any decrease in intramural resistance. Only rarely did we observe 
a flow during a contraction, and on examination of the position of the bal- 
loon we found it to be above or below the intramural portion of the duct. 
This explains the fluctuating resistance to the flow of bile in the intestine 
observed by Elman and McMaster (1926) when their dogs were fed. In 
the course of these experiments on 20 dogs we as a rule found no changes in 
intramural resistance independent of duodenal contractions or changes in 
duodenal tone as recorded by the balloon. This shows that the sphincteric 
mechanism is intimately correlated with duodenal activity. 

Is the intramural resistance equivalent to the tone or the pressure exerted by 
the duodenal musculature? It occurred to us that a study of the relation 
of the amount of pressure exerted by the duodenal musculature on the 
balloon to the amount of pressure necessary to cause fluid to pass from the 
duct into the duodenum might throw some light on the existence of a 
special sphincter at the orifice of the papilla. 

In making this study the initial pressure of the duodenum on the balloon 
and the initial pressure necessary to cause fluid to flow into the duo- 
denum were determined. Then pilocarpine (5 mgm.) was injected. This 
caused a cessation of flow into the duodenum and a massive contraction of 
the duodenum (fig. 4). The rise in pressure of the duodenum was meas- 
ured and then the amount of pressure required to reéstablish flow into the 
duodenum. This was done in 12 dogs. It was found in all but two dogs 
that the additional pressure required to force fluid into the duodenum 
was greater than the rise in duodenal pressure. The difference amounted 
approximately to from 20 to 60 mm. H,O usually. In dog 33, it amounted 
to 100 mm. H,0 (fig. 4). This was also true when the duodenum mani- 
fested spontaneously a temporary state of hypertonus. This suggested 
that a sphincteric mechanism other than duodenal musculature is present 
and was caused to contract by the pilocarpine. However, the balloon in 
the duodenum records, so far as is known, only or chiefly the contraction of 
the circular muscles. Since the common bile duct passes through the long- 
itudinal muscle layer of the duodenum, the contraction of these muscles 
may compress the duct and therefore may be responsible for the difference 
in the pressures noted. There is also reason to doubt that a balloon with 
only 5 to 10 ce. of air in it accurately records total pressure exerted by a 
contraction. So these results are interesting, but not decisive. 

The intramural “pressure gradient”. 1t was postulated that if the duo- 
denal musculature exerted pressure on the intramural portion of the com- 
mon bile duct, and if there was a sphincter about the orifice of the ampulla, 
this could be shown by determining the “pressure gradient’”’ or the intra- 
mural resistance to the flow of bile as various levels in the common bile 
duct. 
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In three preliminary experiments a thin walled glass cannula 3 em. long 
and 1.2 mm. in diameter slightly rounded and open at the end was inserted 
through a cut in the common duct pointing toward the duodenum. The 
cannula was connected to the perfusion pressure recording system. Prior 
to this, large dogs were anesthetized with barbital and the stomach and 


Fig. 4. This figure shows the relative effects of pilocarpine and atropine on intra- 
duodenal pressure and intramural resistance. At athe Trendelenberg jar was raised, 
increasing the perfusion pressure until a flow was reéstablished at the end of tracing 
A. On tracing B at b the jar was raised and lowered to ascertain how much pressure 
the duodenal variations in tone were exerting on the intramural portion of the duct. 
At c the jar was lowered to ascertain the amount of change in intramural resistance 
caused by atropine. 


duodenum mobilized by sectioning the common duct and gastro-hepatic 
ligament. This made it possible to lift the pyloric antrum and duodenum 
out and rendered the insertion and manipulation of the cannula easy and 
accurate. The duodenum was then slit opposite the ampulla. It was 
found that the resistance to flow fell as the glass cannula was moved down- 
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ward which was done at steps of from 2 to3 mm. When the end of the 
cannula reached a point in the duct 1 to 2 mm. proximal to the orifice of the 
papilla, it could be readily seen through the mucosa and the resistance at 
this point was regarded as the resistance of the sphincter of the orifice. 
The reading of the pressure required to cause a flow was recorded and then 
the cannula was moved gently through the orifice into the duodenum and 
a check of the perfusion pressure for purposes of making hydrostatic correc- 
tions of pressure was made. Then the cannula was drawn back by stages 
into the extramural portion of the duct. 

In these experiments it was found a, that the ampulla could be seen to 
bulge with fluid before the orifice opened; b, that the resistance decreased 
as the cannula passed down the duct and increased as the cannula passed 
up the duct (fig. 5, lower tracing); c, that the resistance when the cannula 
was from one to two millimeters from the orifice of the papilla varied from 
6 to 13 cm. of water pressure in different dogs and from 3 to 5 em. in the 
same dog from time to time; d, that the total resistance of the intramural 
portion of the common duct varied by this method from 30 to 50 em. of 
water, and e, that if a large dog is used and the manipulations are gentle 
and properly performed, trauma to the orifice of the ampulla can be 
avoided. 

Realizing that incision of the dvodenum is not a normal procedure, we 
next devised the special apparatus (fig. 1) described above for measuring 
the intramural pressure gradient without injuring the gastro-hepatic 
structures and the duodenum, and at the same time recording the intra- 
duodenal pressure with a balloon. The apparatus was tried out in several 
dogs with the duodenum slit as in the preceding experiments and then after 
each experiment the brass cannula and distances it moved was checked as 
far as possible, which, of course, was only approximately correct. In mov- 
ing the cannula down the duct the first time, the way into the duodenum 
had to be “‘felt”’ so to speak as described in the legend of figure 5. 

Experiments were performed on 10 dogs as follows: with the special 
cannula in place in the extramural portion of the common duct the total 
perfusion pressure was obtained. Then the cannula was moved by stages 
down the duct, the perfusion pressure being recorded on the tracing at 
each stage, until the cannula entered the duodenum. The cannula was 
moved downward slowly so as to prevent it from kinking the duct and from 
exciting a local spasm mechanically. The cannula was then withdrawn in 
stages. As the cannula descended the intramural portion of the duct, 
the resistance decreased in a step-like manner and fell either to or almost 
to zero on entering the lumen of the duodenum. On withdrawing the 
cannula a step-like rise in resistance occurred until the cannula reached 
its original position outside the wall of the duodenum. After the descent 
and ascent of the cannula the initial perfusion pressure was rarely obtained 
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Fig. 5. This figure (upper two tracings) shows sections of tracings obtained on 
dog 78, in which the device for the determination of the intramural ‘‘pressure gradi- 
ent’’ was used. The pressure extramurally was 40.8 cm. H,0. At / the brass can- 
nula was moved downward approximately 1 cm. in the duct. The pressure to re- 
éstablish normal flow was 26.5cm. At 2 the cannula was moved down another 
centimeter. The pressure was approximately 12.7 cm. We believe we were near 
the orifice of the papilla, but of course were not certain. At 3 the cannula was drawn 
upward about 0.5 cm. The pressure (20.1 cm.) rose about to the midpoint of the 
last two pressures. At 5 the cannula was moved downward a little more than 0.5 
em., and the pressure fell to almost zero, or the perfusion pressure of the open system 
as later determined. Decreasing the pressure slightly stopped the flow. It was 
raised again a little and the flow was reéstablished at 6 and 8. At 9, 10, and 11, the 
cannula was drawn upward for three or four turns of the thumb screw. No change of 
pressure or flow resulted, which convinced us that the end of the brass cannula was 
in the duodenum. At /2 the cannula was drawn upward approximately 2.0 cm. and 
the pressure extramurally, just prior to 13 was 37.6cm. At 13, 14.and 15 the cannula 
was moved downward about 1.5 em., the pressure necessary to reéstablish ‘“‘normal’’ 
flow being about 18cm. At /6 the cannula was moved downward about 0.5 cm., and 
evidently passed into the duodenum. At 1/7, 18, 19 and 20 the thumb screw was 
turned each time one turn orso. At 21 the flow stopped and the pressure was raised 
and the ‘“‘normal’’ flow established just beyond 22. We believe that at 2/ the can- 
nula had been drawn upward into the ampulla. The pressure was corrected by 1.5 
cm. H,O because when the cannula was evidently in the duodenum the manometer 
level did not fall to zero. We accepted 6.8 cm. H.O as the resistance offered by the 
sphincter at the orifice of the papilla. 
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suggesting that some stretching—no contraction or edema—of the mech- 
anism causing the resistance had occurred. On repeating the procedure a 
number of times in the same dog, the step-like change could be obtained 
every time. The resistance was decreased but not abolished. 

We were particularly interested in observing the resistance just preceding 
the passage of the cannula into the duodenum, because we believed that the 
resistance offered at this point would indicate the existence of and be due 
to the action of a submucosal sphincter about the orifice of the ampulla. A 
resistance varying from 20 to 60 mm. H.O was encountered. This resist- 
ance amounted to from one-third to one-sixth of the total intramural 
resistance. 

In two instances the usual step-like fall in perfusion pressure was ob- 
served, and then just prior to the passage of the cannula into the duodenum 
a definite rise in pressure resulted which was maintained for a minute or so 
until the cannula was pushed into the duodenum. In these instances on 
withdrawal of the cannula from the duodenum the high pressure was again 
observed followed in a few minutes by a fall in pressure, then on further 
withdrawal of the cannula the usual step-like rise was observed. Several 
interpretations of this phenomenon are possible; it might represent either a 
localized spasm of an ampullar sphincter or a mechanical occlusion of the 
cannula. However, close examination of the cannula and observation of 
the duodenum for the presence of a spasm or contraction along with the 
definite rise in pressure on withdrawing the cannula convinced us that the 
most probable explanation of the phenomenon was that it was due to a 
spasm or contraction of a sphincter located at the ampullar orifice. 

Effect of drugs. In many of the experiments the effect of various drugs 
on the intramural resistance was studied. All drugs were injected in- 
travenously, except where otherwire stated. 

Pilocarpine in doses from 1 to 5 mgm. generally caused a marked increase 
in intraduodenal pressure, and a prompt cessation of flow from the duct 
into the duodenum. It was necessary to markedly increase the perfusion 
pressure to reéstablish the flow. In three out of 23 cases the intraduodenal 
pressure was unchanged; in two of these there was a slight increase in per- 


The lower tracing was obtained with the duodenum opened and mobilized by section 
of the gastro-hepatic ligaments and a cannula at various levels in the intramural 
portion of the common duct. A pressure of 9.5 em. H,O was necessary to open the 
sphincter of the papilla when the end of the cannula was from 1 to 1.5 mm. from it; 
13.7 em. when 2 to 3 mm. distant; 15.3 em. at 3to4mm. Beyond this we were not 
certain, but approximated that the pressure of 17.4 em. was obtained at 5 mm.; 18.5 
em. at 6-7 mm. and 23.8¢em. at 8-9mm. The first pressure of 32.7 em. was obtained 
when the cannula was about 4 mm. distal to the junction of the common duct with 
the external wall of the duodenum. The second pressure of 32.7 was obtained with 
the cannula at the junction of the duct with the duodenal wall 


fusion pressure ; and in the third a slight decrease in perfusion pressure. 
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Atropine quite uniformly caused a reduction of intraduodenal pressure 
and a decrease in perfusion pressure when given in doses of from 0.4 to 1.5 
mgm. Atropine in adequate dosage counteracted the effect of pilocarpine. 
In two out of 23 dogs, no change in intraduodenal pressure occurred but 
the perfusion pressure was decreased. 

Nicotine in doses of 2 to 5 mgm. abolished the regular duodenal con- 
tractions and reduced the tone of the duodenum. The intramural resist- 
ance was decidedly decreased (3 expts.). Later the duodenal tone grad- 
ually returned, but never returned to normal. The intramural resistance 
varied directly with the amount of recovery of the duodenal musculature. 

Epinephrine when given in doses from from 1 to 5 cc. of a 1:10,000 
dilution decreased duodenal pressure and the intramural resistance (fig. 2, 
F). With smaller doses (0.5-2.0 cc. of 1:100,000) the opposite effect was 
usually obtained, but the results were not consistent (19 expts.). 

Ephedrine (2-10 mgm.) had the same effect as epinephrine, except in one 
dog (5 expts.) the effect was reversed. 

Pituitrin and oxytocin usually caused (8 expts.) an initial decrease in 
intraduodenal pressure and intramural resistance followed by a slow return 
to the control level. In one dog the decrease in intramural resistance 
definitely preceded the fall in duodenal pressure. 

Histamine (0.25-0.5 mgm.) produced (8 expts.) a rise in intraduodenal 
pressure and an equivalent rise in intramural resistance. 

When acetylcholine was given (5 expts.) in doses to cause a considerable 
fall in blood pressure, its action paralleled that of histamine, although not 
as consistently. In two experiments the intramural resistance fell even 
though the duodenal pressure remained the same or increased. 

Ergotamine tartrate (0.25-0.5 mgm.) usually caused (12 expts.) an initial 
increase in duodenal pressure with a subsequent decrease. The intramural 
resistance followed the changes in duodenal pressure. 

Benzyl acetate and benzyl alcohol injected intravenously in doses suffi- 
cient to cause a slight fall in blood pressure did not influence duodenal 
pressure or the intramural resistance. 

Caffeine, procaine and strychnine in otherwise effective doses caused no 
changes in the duodenal and intramural resistance. 

Magnesium sulphate solutions were instilled directly into the duodenum 
just distal to the balloon by placing a small rubber tube into the duodenum 
at the time the balloon was put in place. When 5 cc. of a 25 per cent 
solution (39°C.) were slowly injected into the duodenum the intraduodenal 
pressure was slightly increased (5 expts.). The intramural resistance was 
decreased for 1 to 1} minutes and then it returned to the control level. 
This effect was also obtained after the vagi were cut. Instillation of 20 
ce. of the same solution resulted in either an increase or no change in intra- 
mural pressure. 
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It is to be noted that the effect of drugs on the intramural resistance 
parallels their effect on intraduodenal pressure with the exceptions noted. 
It should be added that as a general rule the increase in intramural resist- 
ance caused by the various drugs exceeded the increase in intraduodenal 
pressure as was mentioned before under the topic headed ‘Is the intra- 
mural resistance equivalent to the tone or pressure exerted by the duodenal 
musculature?” 

Discussion. Oddi (1894) reported that stimulation of the vagus periph- 
erally causes a strong contraction of the sphincter and claimed an inde- 
pendent nervous control for the sphincter. Westphal (1923), who divided 
the sphincteric mechanism into two portions —the duodenal portion and the 
sphincter of the papilla—reported that vagus stimulation causes the duo- 
denal portion to contract and the sphincter to relax. Our data show that 
Oddi was partially correct because we found that peripheral vagus stimula- 
tion increased intramural resistance, although in an equal number of ex- 
periments it was decreased. In this connection it is noteworthy that only 
increased resistance occurred on vagus stimulation when both nerves were 
cut. The fact that intramural resistance may change irrespective of the 
changes in intraduodenal pressure proves the existence of an independent 
nervous control. In regard to the reciprocal innervation of the sphincter 
of the papilla and the duodenal portion of the sphincteric mechanism sug- 
gested by Westphal, our data do not prove it, neither do those of Westphal. 
In our two experiments in which vagus stimulation caused a rise in duo- 
denal pressure and a decrease in intramural resistance, two interpretations 
are possible, first, that the sphincter of the papilla relaxed more than the 
duodenal portion contracted, second, that both portions of the mechanism 
relaxed. The observation that stimulation of the vagus peripherally 
caused an increase in resistance in five dogs and a decrease in five, caused 
us to consider the possibility that the sphincteric mechanism might be 
analogous to the pyloric sphincter in regard to response to nerve stimulation 
in that Carlson and Litt (1924) showed that vagus stimulation would cause 
relaxation of the contracted sphincter and contraction of the relaxed sphince- 
ter. However, when we studied the initial intramural resistance in regard 
to whether vagus stimulation caused a decrease or an increase in resistance 
and in regard to the state of duodenal tone we found no correlation. The 
existence of two variable factors, namely, initial resistance and duodenal 
tone, either one of which may be effected oppositely, presents a situation 
very difficult to analyze with certainty. 

The frequency with which the intramural resistance decreases following 
section of the vagus, even without an evident change in duodenal tone 
in some cases, shows that the vagus exercises a tonic motor control over the 
sphincteric mechanism of the common duct. This is very probably the 
mechanism concerned in the flow of bile initiated according to some observ- 
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ers on the sight and smell and early after the ingestion of food (Elman and 
MeMaster, 1926; Babkin, 1928; Boyden, 1927), but which does not mate- 
rially affect the size of the gall bladder in sham feeding experiments in dogs 
(Crandall, 1931) and does not always occur (Krause and Whitaker, 1928). 

That duodenal motility and tone play a réle in controlling the flow of bile 
into the duodenum is strongly supported by the observations of a number of 
workers (Copher and Kodama, 1926; Elman and McMaster, 1926; Burget, 
1926; Berg and Jobling, 1927; Brugsch and Horsters, 1926, and others). 
Our tracings graphically record this relationship and establish adequately 
that such a relationship exists. This does not mean, however, that a 
flow of bile into the intestine cannot occur without duodenal relaxation, 
because, as stated above, it does occur. These observations agree with 
those of Giordano and Mann (1927) whostate that bile may spurt from the 
papillary orifice without discernible peristalsis, but if peristaltic waves are 
in the duodenum, the outflow of bile will not occur except with peristalsis. 

The results obtained in answer to the question, “Is the intramural resist- 
ance equivalent to the tone or pressure exerted by the duodenal muscula- 
ture on the balloon” showed that the intramural resistance was always 
greater than intraduodenal pressure. This indicated the existence of a 
special sphincteric mechanism at the orifice of the papilla. Although we 
questioned the decisiveness of these results for reasons enumerated before, 
it is striking that the difference in intramural resistance and intraduodenal 
pressure (20 to 60 mm. H,O) is the same as the resistance offered by the 
sphincter of the papilla obtained by the special device for measuring the 
intramural ‘‘pressure gradient.”” This can hardly be a coincidence, since 
ten dogs were used in one series of experiments and twelve in the other. It 
could not be due to the presence of the balloon because of reasons enumer- 
ated in the first part of this paper. 

Our observations and data on the intramural ‘‘pressure gradient” along 
with the evidence obtained by others (literature summarized by Giordano 
and Mann, 1927), convince us that the intramural portion of the common 
duct possesses a special sphincteric mechanism. That a special sphincter 
of the papilla exists is shown by the fact that when a cannula is placed in the 
intramural portion of the duct one or two millimeters proximal to the orifice 
of the papilla, or at the level of the submucosal layer, and pressure exerted 
on the fluid in the cannula, the ampulla can be seen to bulge and the 
pressure must be raised to an adequate threshold level before the fluid 
flows into the duodenum. That the adequate threshold level of pressure 
necessary to open the sphincter varies from 3 to 5 cm. in the same dog from 
time to time with the cannula in the same place shows that the tone of the 
sphincter varies. We know of no other reasonable way of interpreting 
these observations. 
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SUMMARY AND CONCLUSIONS 


1. A tracing showing the changes in intraduodenal pressure and intra- 
mural resistance as influenced by belching was obtained. 

2. The vagi exercise a tonic motor control over the musculature sur- 
rounding the intramural portion of the common bile dut, which may or 
may not be correlated with changes in tone of the duodenal musculature 

3. Stimulation of the peripheral vagus may increase or decrease intra- 
mural resistance irrespective of changes in duodenal tone. The two obser- 


rations just stated confirm Oddi who claimed an independent nervous 


control for the sphincter. The usual effect of peripheral vagus stimulation 
is contraction of the duodenum and increased intramural resistance. 

4. Inflow of bile into the duodenum is intimately correlated with duo- 
denal peristalsis. Given a pressure just sufficient to overcome intramural] 
resistance, and given active duodenal peristalsis, inflow into the duodenum 
occurs during relaxation but ceases during contraction of the duodenum. 
Exceptions to this generalization occur infrequently. 

5. When the duodenum is caused to contract by pilocarpine or manifests 
spontaneously a marked hypertonus, the increase in intraduodenal pres- 
sure as registered by a balloon is from 20 to 60 mm. H,0 less as a rule than 
the increase in intraduct pressure necessary to reéstablish inflow into the 
duodenum. 

6. An intramural ‘‘pressure gradient”’ exists in the common bile duct; 
that is, as a cannula is passed downward through the intramural portion of 
the duct, the amount of pressure required to cause a flow into the duodenum 
decreases, and when the movement of the cannula is reversed, the pressure 
increases. 

7. A physiological sphincter is located about the orifice of the duct in 
the papilla in the duodenal mucosa. This sphincter exerts from } to } of 
the total resistance offered to the flow of fluid through the intramural 
portion of the common duct. Under the conditions of one set of experi- 
ments, the ‘“‘sphincter of the orifice” was forced open by a pressure varying 
from 20 to 60 mm. H,O; in another set of experiments with the duodenum 
slit, the pressure varied from 60 to 130 mm. H,O. 

8. The effects of pilocarpine, atropine, morphine, nicotine, epinephrine, 
ephedrine, pituitrin, histamine, ergotamine, benzyl acetate and alcohol, 
caffeine, procaine, and strychnine intravenously on the intramural resist - 
ance were studied. In general it was found that the effect of these drugs 
influences the intramural resistance and duodenal tone in a similar manner. 
Occasionally, however, the intramural resistance would undergo a decrease 
or increase without a change in duodenal tone. It is important that atro- 
pine may decrease the intramural resistance without effecting duode- 
nal tone. 

9. Magnesium sulphate solution (25 per cent) instilled into the duo- 
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denum in small amounts (5 ee.) usually decreases intramural resistance for 
a short period in spite of a gradual increase in duodenal tone. Larger 
amounts definitely augment duodenal tone and peristalsis and may in- 
crease or have no effect on intramural resistance. 

10. We are convinced that the intramural portion of the common bile 
duct possesses a special sphincteric mechanism, that a sphincter of the 
papilla exists and that this sphincteric mechanism is intimately coérdinated 
with duodenal peristalsis and tone, but may function independently 
of the duodenum. Our data do not permit us to conclude whether the 
portion of the sphincteric mechanism located in the duodenal musculature 
has a reciprocal relation with the sphincter of the papilla or whether it 
functions independently of the duodenal musculature. 


I desire to express my gratitude to Dr. A. C. Ivy under whose supervision 
this work was done, for the assistance given in performing certain experi- 
ments and in preparation of the manuscipt. 
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In an earlier paper (Bischoff and Long, 1931) the question was raised 
as to whether or not the production of hyperglycemia and hyperlactic 
acidemia in the rabbit following pitressin administration was due to the 
liberation of adrenalin from the adrenals. The possibility that the pos- 
terior pituitary hormone functions through the adrenal system has been 
repeatedly alluded to in the older literature. In order to answer this ques- 
tion, the following plan of experinentation with medullary and with totally 


adrenalectomized rabbits was undertaken. 

1. Establishment of total or bilateral medullary adrenalectomy by the 
determination of the minimum convulsion-producing dose of insulin and 
the blood lactic acid curve at insulin hypoglycemia, and by section of any 
suspicious tissue at the termination of the experiments. 

2. Determination of the blood sugar and blood lactic acid curves fol- 
lowing the administration of pitressin or pituitrin with and without the 
simultaneous administration of minimum convulsion-producing doses of 
insulin. 

3. Determination of the liver and muscle glycogen and muscle sugar 
of pituitrin dosed and control medullary adrenalectomized rabbits. 

EXPERIMENTAL. Adrenalectomy. Three groups of rabbits were stud- 
ied. The adrenalectomy was done in two stages, the technique recom- 
mended by Britton, Geiling and Calvery (1928) being used. The adrenal 
on the right was completely removed. In the first group three-fourths of 
the adrenal on the left was removed in the second operation. The second 
group consisted of totally adrenalectomized animals. In the third group 
approximately nine-tenths of the cortex was removed. ‘Two of these ani- 
mals showed signs of adrenal insufficiency following the operation, but 
eventually recovered, and were in excellent condition as were all the ani- 
mals in the first group up to the day of sacrifice. 

Metuops. In excising tissue samples the animals were stunned in the 
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first and second series. Amytal anesthesia was used in the third si. 
The analytical procedures are the same as described in former papers. In 
our last series of experiments the reducing power of the muscle sugar ex- 
tract was determined after fermentation. The changes in sampling and 
the addition of the fermentation procedure have been added to eliminate 
the objections raised to older methods. 

Resutts. Minimum insulin convulsion-producing dose. In the first 
series three of four medullary adrenalectomized rabbits convulsed after 
the administration of 0.5 unit of insulin per kilo given subcutaneously. 
One rabbit required 0.8 unit. Normal rabbits require from 3 to 7 units 
to produce convulsions. In the first series no attempt was made to es- 
tablish the minimum convulsion-producing dose of insulin. In the third 
series three rabbits convulsed after the administration of 0.25 unit insulin 
per kilo. Two of the rabbits convulsed on several occasions after the 
administration of 0.15 unit per kilo. Some weeks later 0.20 unit was 
required. 

Pitressin and pituitrin. Fifteen units of pitressin given subcutaneously 
produced a slight (30 to 70 mgm. rise per 100 cc.) hyperglycemia in five 
of the medullary adrenalectomized rabbits. A rise in blood lactic acid 
ranging from 11 to 47 mgm. per 100 cc. was noted in each case one-half 
hour after dosing. Normal values were observed at two and one-half 
hours. The results are no different than were observed when normal rab- 
bits received the same dose of pitressin. In two rabbits both pitressin and 
pituitrin produe.d a slight but significant hypoglycemia and failed to 
abolish insulin convulsions, when the experiment was performed a month 
after the final operation. Several months later the same doses abolished 
insulin hypoglycemia completely. In the first series of medullary adre- 
nalectomized rabbits, 15 units of pitressin given subcutaneously prevented 
insulin convulsion (0.5 unit insulin per kilo) in two cases and delayed the 
occurrence two hours in a third rabbit. In a fourth rabbit, which did not 
convulse when 0.5 unit of insulin was given, pitressin lessened the hypo- 
glycemic curve. In one rabbit of group III, pitressin and pituitrin both 
abolished insulin hypoglycemia when administered a month after the 
operation. Rises in blood lactic acid, similar to those produced when 
pitressin was given alone, were sometimes observed. Protocols for only 
two of the seven rabbits studied are presented. They are representative 
of the results obtained for the entire group. 

Blood lactic acid at insulin hypoglycemia. It is now generally conceded 
that during insulin hypoglycemia there is a liberation of adrenalin as a 
defense mechanism (Cori, 1931). Since minute quantities of adrenalin 
produce a lactic acidemia, and since insulin is without effect in abolishing 
such a lactic acidemia, a rise in blood lactic acid should be observed during 
insulin hypoglycemia. The earlier work of Briggs, Koechig, Doisy and 
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ygt_ (1923), which indicated such an effect, was not confirmed by Best 
and Ridout (1925) and Cori (1925) for hypoglycemia without convulsions, 
although all workers agree that there is a rise in blood lactic acid following 
convulsions. The resting values for the blood lactie acid of rabbits ob- 
tained by Cori in 1925 (13.1-39.7) are higher than the values obtained in 
1929 (7-24). While these differences may be relative, due to a difference 


Rabbit 5 


BLOOD FINI 


DATE TREATMENT 


Initial 
0.25 hour 
0.5 hour 
0.75 hour 
1 hour 
1.5 hours 
hours 


Sugar |101 91) 79 55 67 


Feb. 25 | 15 u. pituitrin per kil 
Lactie | 15) 30 30 17 
subcutaneously id 
aci 


Sugar (108/103) } 
Lactic | 12) 31) 36 31 14 


acid 


Mar. 2 15 u. pitressin per kilo 
subcutaneously 


15 u. pituitrin, 0.3 u.insu- || Sugar | 96) 93) 70 40) 40* 
lin per kilo subcutane- Lactic | 14) 14 15 15 16 
ously acid 


15 u. pitressin, 0.3 u. insu- || Sugar | 87 t 52) 41* 
lin per kilo subcutane- Lactic | 5 


ously acid 


15 u. pituitrin, 0.3 u. insu- || Sugar (106 101 +t 103;114'100 83 
lin per kilo subcutane- Lactic | 13 13 | 13) 59) 59 13 
ously acid 


Sugar 
Lactic | 13 13 
acid 


May 18 | 0.3 u. insulin per kilo sub- 
cutaneously 


* Convulsions. 
+ Pitressin or pituitrin was given 0.5 hour after insulin. 


in method, it is possible that the initial bleedings were not done under 
basal conditions (our earlier work is subject to the same criticism) and 
that the effect of insulin was masked. The effect of insulin upon the blood 
lactic acid of three normal rabbits was included in the present study. 
The minimum convulsion-producing dose of insulin was determined for 
these rabbits. One was then given a subconvulsive dose, another the 
minimum convulsion-producing dose, and a third the minimum convul- 


255 
INGS IN M PER 10 
é 


256 FRITZ BISCHOFF, M. LOUISA LONG AND RICHARD D. EVANS 


sion-producing dose plus 15 dog units of pitressin per kilo. The subcon- 
vulsion-producing dose of insulin, which lowered the blood sugar from 103 
to 52, produced a rise in blood lactic acid from 10 to 34. In the ease of 
the rabbit which was given a convulsion-producing dose of insulin, the 
bleeding was made prior to convulsion, the blood lactic acid having risen 
from 10 to 40. The blood sugar of the rabbit which had received pitres- 
sin only fell to 64, there being no significant rise in blood lactic acid. The 
values obtained by us at hypoglycemia are essentially the same as those 


Rabbit 10 


BLOOD FINDINGS IN MG. PER 100 cc. 


2.5 hours | 


[2 


TREATMENT 


0.75 hour 
1.5 hours | 


| 0.25 hour 


| 15 u. pituitrin per kilo Sugar 

{| Lactic 

subcutaneously } 
acid 


w 


| 15 u. pituitrin, 0.25 u. in- {| Sugar 
sulin per kilo subcuta- {| Lactic 
neously acid 


Sugar 
Lactic 
acid 


May 12] 15 u. pitressin per kilo | 
subcutaneously 


May 18 | 15 u. pitressin, 0.25 u. in- {| Sugar 
sulin per kilo subcuta- {| Lactic 
neously acid 


Sugar 
Lactic 
acid 


May 29 | 0.25 u. insulin per kilo 
subcutaneously 


* Convulsions. 
{ Pitressin or pituitrin was given 0.5 hour after insulin. 


obtained by Cori (1925), which were 32 for lactic acid at a blood sugar 
level of 50, 45 for lactic acid at a blood sugar level of 47, 28 for lactic acid 
at a blood sugar level of 54. The difference in values occurs for the rest- 
ing samples, in which ours were 10 or below and those of Cori, 20 to 35. 
In using the lactic acid determination as a criterion for adrenalin libera- 
tion in our operated rabbits, convulsion-producing doses of insulin were 
used, the bleedings being made just prior to convulsion. No rise above 
the initial value (5 to 14 mgm. per 100 cc.) occurred in any case (five 


experiments). 
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Totally adrenalectomized animals. Five totally adrenalectomized rabbits 
were given 20 units of pitressin per kilo subcutaneously, two the day fol- 
lowing the last operation, the other three five to ten days following the 
last operation. In each case a decided rise in blood lactic acid occurred 
from a basal value near 10 to values of 70, 70, 46, 121, and 64, respectively. 
Two of these animals were about to expire a few hours after dosing and 
were sacrificed for analyses. The remaining three recovered temporarily, 
succumbing later to adrenal insufficiency. The longest survival period 
was twenty days. The animals were in a state of hypoglycemia (blood 
sugar values—50, 60) at the time they were sacrificed. The liver glyco- 
gen analyses were 20 and 35 mgm. per 100 grams respectively. The 
muscle glycogen values were 420 and 122 mgm. per 100 grams respectively. 


TABLE 1 
Carbohydrate reserves of medullary adrenalectomized rabbits following pitressin 
and pituitrin 


RABBIT | RABBIT) RABBIT| RABBIT RABBIT RABBIT | RABBIT 
2 3 4 5 9 10 


Treatment 


15 u 


15u 15 u 15 u 

pitres- | pitres- pitul- pitul- 

sin, 5 | sin, 5 Control Control Control trin, 6 | trin, 6 

hour hour hour hour 

period | period period | period 
Muscle sugar (total reducing power).| 77 83 90 77 67* 68* 68* 


Muscle sugar (fermentable) 37 30 32 
Muscle glycogen 406 | 302 | 242 | 208 | 402 | 281 | 295 
Liver glycogen 396 | 770 | 746 | 271 269 210 


* Sampled under amytal anesthesia. The other animals were sacrificed by a 


blow on the head. 


Carbohydrate reserves. In the final experiment, four of the medullary 
adrenalectomized rabbits were given 15 units of pitressin or pituitrin per 
kilo, three others serving as controls. The animals were sacrificed five 
and six hours after dosing. As explained in the introduction, four of the 
rabbits were stunned in order to secure glycogen samples. Three others 
were anesthetized with amytal. The results are given in table 1. Pitui- 
trin or pitressin had no effect upon the muscle sugar at the fifth or sixth 
hour after dosing. The observation of Power and Clawson (1928) that 
muscle sugar values of animals under amytal anesthesia are lower than the 
muscle sugar values of animals sacrificed by stunning is confirmed. 

The muscle and liver glycogen values show no significant changes when 
dosed and control values are compared, all the values falling within the 
range obtained for normal control rabbits, as determined by earlier work. 
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A larger series of animals was not studied because our earlier work had 
shown that in normal animals pharmaceutical doses of pitressin had no 
measurable effect upon the glycogen reserves, the present values obtained 
giving no indication to the contrary. Lawrence and McCance (1931) have 
recently shown that pituitrin is without effect upon the glycogen reserves 
of the fasting rat. 

Histologic report. In sections of the adrenal fragments of rabbits 2, 4, 
5, 9, and 10, only cortical tissue is present, and no medulla is seen. In 
the adrenal fragment of rabbit 3, in one small region only is there any sign 
of medullary tissue and here it is questionable and very small in amount. 
In sections of the adrenal fragment of rabbit 1, considerable amounts of 
medullary tissue are easily identified. 

Discussion. In experiments with adrenalectomized animals, the ques- 
tion always arises as to the completeness of the operation. In our ex- 
periments, three criteria were applied. The response to insulin was 
rendered from ten to fifty times more sensitive after medullary adrenalec- 
tomy. At insulin hypoglycemia the animals failed to develop lactic acide- 
mia, a defense mechanism which occurs in normal animals. Histological 
examination of the cortical fragments left in situ failed to show medullary 
tissue in five instances, with one doubtful and only one positive. Barring 
the animals which showed medullary tissue (one which did not convulse 
on 0.5 unit insulin), deductions can be made with reasonable assurance. 

In all cases studied, whether in totally or medullary adrenalectomized 
animals or whether a hyper- or hypoglycemia was produced, both pitressin 
and pituitrin produced a lactic acidemia. It is, therefore, definitely estab- 
lished that the production of lactic acidemia by pituitrin or pitressin is not a 
secondary reaction due to the liberation of adrenalin from the adrenals. 

The effect of pitressin and of pituitrin upon the blood sugar of the ad- 
renalectomized animals is more difficult of interpretation, since in certain 
of them a definite hyperglycemia, in others a hypoglycemia, was produced. 
In some cases the experiments with totally adrenalectomized animals in- 
dicated a state bordering on hepatic deglycogenation, as shown by the pro- 
duction of hypoglycemia by a six hour fast for one animal, and the virtual 
depletion of liver glycogen for two other animals. The striking results in 
these experiments is that pitressin brought about a hypoglycemia. In the 
case of the medullary adrenalectomized animals, the production of hypo- 
glycemia by pitressin and pituitrin in two animals must also be ascribed 
to hepatic deglycogenation. Since this effect only occurred a month after 
the operation (at which time the weight curve was stationary), and later 
disappeared, it is very likely that these animals suffered cortical deficiency 
at this period. At any rate, several months after the operation, when the 
animals showed a gain in weight and when, as the final glycogen values 
show, there was no evidence of deglycogenation, pituitrin and pitressin 
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decreased the effects of insulin hypoglycemia. In several of these experi- 
ments, the pituitrin and pitressin were given a half hour after the adminis- 
tration of the insulin, so that the result can not be ascribed to a decreased 
absorption of insulin from subcutaneous depots. Jt is definitely estab- 
lished, however, that when pituitrin or pitressin produce a hyperglycemia they 
do not bring about the effect by the stimulation of adrenalin liberation. 

Clark (1928) found that the intravenous injection of pituitrin into de- 
capitated, eviscerated cats increases the rate of disappearance of sugar 
from the blood. Pituitrin given after insulin failed to exert the inhibitory 
effect characteristic for normal animals. In cats under amytal anesthesia, 
in which the liver was cut out of the circulation, pituitrin did not produce 
hyperglycemia, nor did it diminish the rate of fall in blood sugar. Clark 
concluded that the source of glucose in pituitrin hyperglycemia is the 
liver glycogen. Imbrie (1929) came to the same conclusion. This author 
found in working with pancreatectomized animals that pituitrin produced 
a slight hyperglycemia when insulin was withheld forty-four hours, while 
a slight hypoglycemia was produced when insulin was withheld seventy 
hours, at which time adrenalin had no byperglycemic effect. 

Himwich, Fazikas, Haynes and Spiers (1930) found that under amytal 
anesthesia pitressin and pituitrin failed to produce a hyperlactic acidemia. 
The effects of diminishing the concentration of the plasma, the plasma fat 
and the blood sugar, were not so marked or even actually reversed under 
amytal. Barring the experiments of Clark performed under amytal anes- 
thesia, Clark’s experiments with eviscerated, decapitated animals, Imbrie’s 
with pancreatectomized animals, and ours with adrenalectomized ani- 
mals in a state of hepatic deglycogenation would indicate that pitressin and 
pituitrin increase the removal of blood sugar by the peripheral tissues. 

It is essential to remember that the effects of pituitrin or pitressin upon 
carbohydrate metabolism are slight in comparison to the effects produced 
by insulin and adrenalin. In order to produce changes outside the limits 
of expected normal variation, pharmaceutical doses of pitressin or pitui- 
trin must be given. Even so, no decided changes in the glycogen reserves 
can be demonstrated, and in the light of this observation it would appear 
almost paradoxical that an increased rate of utilization of blood sugar by 
the peripheral tissues would occur simultaneously with a decrease in 
metabolic rate (Himwich and Haynes, 1930). The purpose of the pres- 
ent paper was to establish whether or not pituitrin or pitressin functioned 
through the stimulation of adrenalin liberation. The answer is definitely 
negative. The production of hyperglycemia, hyperlactic acidemia, and the 
antagonistic action to insulin, were all observed in the adrenalectomized 
animals. Beyond this statement the present work can offer no elucidation. 
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SUMMARY 


1. Pitressin and pituitrin produce consistently a hyperlactic acidemia 
in totally or medullary adrenalectomized rabbits. Simultaneously either 
a hypo- or hyperglycemia may be produced, depending upon the state of 
the hepatic glycogen reserves. 

2. No significant changes in the peripheral glycogen reserves of medul- 
lary adrenalectomized rabbits could be demonstrated under the effects 
of pharmaceutical doses of pituitrin or pitressin. 

3. Pitressin and pituitrin both diminish the hypoglycemic effect of 
insulin in medullary adrenalectomized animals, provided there is no hepatic 
deglycogenation. 
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This work has been conducted to investigate the réle of the extrinsic 
cardiac nerves in the tachycardia resulting from thyroid feeding in dogs. 
The literature on the problem is not extensive and may be divided into 
two main classes. 

I. Acute experiments: a, experiments dealing with the effects of thy- 
roxine on the perfused frog heart; b, experiments on the anesthetized dog 
studying the effect of the “thyroid hormone’’ on the heart rate. 

II. Chronic experiments: The effect of feeding thyroid substances to 
normal animals and to animals with denervated hearts. 

I. Experiments by Kalnis (1) on the perfused frog heart, using different 
concentrations of thyroxine, demonstrated that the effect of adrenaline 
could not be increased by previous perfusion by thyroxine. He also noted 
a slightly slower heart rate and an increased amplitude of beat under 
thyroxine perfusion. He concluded that there was no evidence to show 
stimulation of the sympathetic system by thyroxine. 

Waldenstrom (2) studied the effect of thyroxine on vagus action in the 
perfused frog heart. He reports that in no case did the addition of thy- 
roxine modify the vagus inhibition. 

Cannon (3) using the denervated heart of the anesthetized cat re- 
ported an increase in heart rate following massage of the thyroid gland, 
and also on stimulation of the cervical sympathetic. This effect was 
noticed after a delay of from 30 to 60 minutes. The reason for this effect 
is not clear, as it has not been conclusively shown that there is a definite 
increase in secretion of the thyroid gland during such procedures. Carlson 
and Hektoen (4) have shown that there is no demonstrable increase in the 
production of thyroglobulin, as tested by the precipitin reaction either on 
stimulation of the sympathetic fibers to the gland or on massage. Van 
Dyke (5) found no change in the iodine content of the gland on stimulation 
of the cervical sympathetic. Smith and Couta-Silva (6) found no increase 
in basal metabolism of dogs after massage of the thyroid gland. Kunde 
(7) has shown that there is no observable effect on the heart rate for at least 
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ten hours following the injection of thyroxine or after feeding dried thy- 
roid gland. This was true also in the thyroidectomized dog. II. Ender- 
len and Bohnenkamp (8) have conducted a series of experiments on 
thyroid feeding in normal dogs and in dogs with denervated hearts. Dogs 
were subjected to the Friedenthal operation in which the vagi are sectioned 
in the chest and the upper thoracic sympathetic chains are removed. 
Five grams of Merck’s thyroid were fed daily to a group of normal and 
operated animals. At the beginning of the experiment the dogs weighed 
from 15 to 18 kilograms, thus making the daily dose of thyroid around 
0.3 gram per kilogram of body weight. The feeding covered a period of 
from seven to eight weeks, during which time the control animals lost 
weight, showed auricular flutter and died, while the operated animals 
showed no heart changes and gained from one to three kilograms. They 
concluded that thyroid substances act on the heart only by way of the 
vardiae nerves. The early death of the normal dogs fed this dose of thy- 
roid as well as the gain in weight in the heart denervated dogs on the same 
dose is contrary to the experience of this laboratory. 

The following experiments have been performed in an effort to study the 
problem in a more extensive way. It was desirable to prepare dogs with 
completely denervated hearts and at the time when this phase of the 
work was started, it was felt that sectioning both vagi and removing the 
stellate ganglia would give a heart rate which would not vary except when 
acted upon by humoral means. Six dogs were prepared. The experi- 
mental period extended from October 20, 1929 to August 25, 1930. 

Heart rates. The normal heart rate with normal variations was secured 
on each dog prior to operation. The animal was taught to rest quietly on 
a table. The pulse rate was measured by either counting the beat in 
the femoral artery or by means of a tambour on the apex beat. These 
methods gave the same results and it was felt in the later work that it was 
unnecessary to continue with the graphic records as they took more time 
than their value warranted. The rate was measured when the animal was 
quiet and relaxed after an initial one-half hour rest. The rate was also 
taken at every disturbance during the half-hour following the rest period. 

Operations. Each animal was subjected to four operations: 1, right 
stellate ganglion; 2, left stellate ganglion; 3, right vagus; 4, left vagus. 
The stellate ganglion was removed by entering through the midline on the 
dorsal side, cutting through the rhomboids and laying back the scapula. 
Muscle tissue between the first and second ribs was removed and the 
ganglion was brought into view. It was cut free from all its connections 
and removed. Usually no pneumothorax occurred. If it did, all speed 
was made in removing the ganglion and closing the wound. The muscles 
were sutured and the skin wound closed. The recovery was usually good. 
It was found not advisable to remove both ganglia at the same time as the 
shock was too severe. 
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The original intention to cut both vagi below the origin of the recurrent 
laryngeal nerves from a midline neck incision was not carried out as it was 
suggested that all fibers might not be reached. For this reason it was 
necessary to enter both sides of the chest and section these nerves where all 


fibers could be seen. This was done under artificial respiration. Tracheot- 
omy was performed as it was found that forcing a large enough tube 
through the larynx to get positive pressure did more damage than 
cannulating the trachea. The chest was entered between the third and 
fourth ribs and the vagus was brought into view. A section of nerve 
about one and one-half inches long was removed below the origin of the 
recurrent laryngeal nerves. The incision was closed while the lungs were 
filled. 

Resutts. Four out of the six dogs survived the four operations in good 
health. In dog I, ten days following the section of the second vagus, 
chronic vomiting began. The animal did not improve and was sacrificed 
twenty-seven days after the operation. The rate in this dog is included 
in the tables. The figures represent heart rates taken when the animal 
was normal and in good condition. The same set of effects (chronic vomit- 
ing) was seen in dog V. This dog was sacrificed seven days after the 
second vagus was cut. The animal was normal for three days following 
this operation, and so the heart rate is included for this period. 

Criteria of denervation. Immediately after removal of the stellate gang- 
lion the nictitating membrane spread over the eye. The membrane with- 
drew after some days except in dog I where it persisted over the right eye 
from October 25, 1929 to July 1, 1930. If no cardiac slowing was obtained 
on electrical stimulation of the vagus at the level of the inferior cervical 
ganglion, it was inferred that all vagus fibers to the heart had been sec- 
tioned. 

At the end of the experiment these animals were injected with atropine 
(3 mgm.). All showed cardiac acceleration. It was thought that vagus 
regeneration had taken place, but on electrical stimulation of the vagus 
under anesthesia, only one vagus in one dog (dog III) was found to have 
functionally regenerated and on autopsy this was confirmed macro- 
scopically. The other dogs showed no evidence of vagus or sympathetic 
regeneration. 

The acceleration of the denervated heart after injection of atropine has 
been observed by several workers. Enderlen and Bohnenkamp (8) de- 
scribed acceleratory effects which they attributed to the “intracellular’’ 
action of the drug. Dresbach and Waddell (9) obtained acceleration in 
the heart rate of the cat in which the extrinsic cardiac nerves had been cut. 
Acceleration of the heart rate in the animal with both vagi cut following 
the injection of atropine has been described in the dog by Rogers (10) 
and in the cat by Cannon (11). Carlson (12) described a stimulation of 
the heart ganglion in limulus upon the addition of atropine to the ganglion. 
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In table 1 are represented the changes in heart rate following the differ- 
ent operations. Basal heart rate represents that heart rate obtained after 
one-half hour rest, during which time there had been no disturbances. 
“Maximal variations” represent the greatest variations occurring during 
the following one-half hour rest period due to such factors as wagging the 
tail, moving the head, etc., ete. Each figure represents an average of 
twenty counts on successive days unless otherwise indicated (*). 

It was felt that since the heart still accelerated on slight movements, 
all the extrinsic cardiac fibers had not been removed. Stellatectomy and 


TABLE 1 
Average heart rates before and following the different operations 


| 

eiatns AFTER EXTIRPATION | AFTER SECTION OF 
} |OF STELLATE GANGLIA| CARDIAC VAGI 


PERIOD OF EXPERIMENT 
Basal 
art rate 


Basal 


Basal |, 
Vari 8 Variati 
ariations) heart rate tions 


heart rate | 


| | 
V orlations) 


October 25, 1929 73 «| «+23 70 +24 70 
| July 1, 1930 


| November 14, 1929 | +34 | 91 | +30 | 90 
| August 21, 1930 


November 20, 1929 | +28 | 80 
August 21, 1930 


November 25, 1929 
August 25, 1930 


| November 30, 1929 
February 15, 1930 


| December 2, 1929 
August 24, 1930 


vagotomy had been complete in these animals. Cannon (13) has described 
in the cat sympathetic fibers which leave the thoracic chain as low as the 
fifth or sixth ganglion and pass directly to the heart. Dresbach and 
Waddell (9) confirm these findings. Perman (14) has demonstrated similar 
findings in the calf. The author made careful dissections in ten dogs and 
in six very fine fibers were seen leaving the sympathetic chain as far down 
as the sixth thoracic ganglion. These could not in all cases be traced the 
entire way to the heart, but their general direction indicated the heart as 
a possible destination. In three of the dogs the fibers were traced to the 


aorta. 
It was thought desirable to prepare a series of animals in which the entire 


| | 
| | | 
| +27 
| | | | | | 
IV ; | 88 | +14 | 86 | +15 | 95 | +14 
| | | | | 
| 
4 a | 70 +20 | 71 | +20 | 68 | +20 
| | | | | | | 
VI 74 +18 | 72 | +14 | 73 | 415 
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thoracic sympathetic chains were removed and the vagi sectioned. The 
splanchnics were cut in order to denervate the adrenals, thus lessening 
any heart effects due to this factor. The abdominal sympathetic chains 
were removed for the same reason. 

Operations. Three operations were required. The work was done under 
ether anesthesia, using a modified Meltzer tracheal insufflation apparatus 
(15). Compressed air was led through an ordinary ether bottle and by 
means of a small rubber catheter to the bifurcation of the trachea. To 
obtain positive pressure a Kunde mask was placed over the snout. In 
the mask was an inlet carrying the catheter and an outlet carrying the 
expired air down a tube into a water bottle. By raising or lowering the 
tube in the water the lungs could be inflated or deflated as desired. 
The lungs were partially distended throughout the operation. Respiratory 
exchanges seemed normal in all the dogs operated. The administration 
of ether was smooth and easily regulated. 

The normal basal heart rate was obtained and then the animal was sub- 
jected to the three operations. Four dogs survived these procedures in 
good health. Two dogs of approximately the same weight and age were 
chosen as controls for the adult dogs and one litter mate for the puppy 
studied. Small dogs were chosen as it was found that the thoracic sympa- 
thetic chain could thus be removed through one incision. 

Operation I. The right thoracic sympathetic was removed from the 
stellate ganglion to the diaphragm. The right vagus was sectioned below 
the origin of the recurrent laryngeal nerve. Any fibers running from the 
recurrent to the heart were sectioned. The right splanchnic was cut. 
The vessels above the heart were stripped to remove as much of the nerve 
net as possible. 

Operation IIT. The left thoracic sympathetic was removed from the stel- 
late ganglion to the diaphragm. The left vagus was dissected free from 
the connective tissue surrounding it and all thoracic branches were cut, 
thus leaving the vagus to the gut intact. The left recurrent laryngeal is 
cut, but with the right intact the animal suffers no ill effects. The vessels 
above the heart were stripped. 

Operation III. The abdominal sympathetic chains were removed and 
the splanchnics again sectioned. These operations were carried out as 
described with the following exceptions. In dog V the left splanchnics 
could not be reached in the chest and since it is not possible to reach all 
fibers in the abdomen the left adrenal was removed. In dog VI, the entire 
left vagus was cut at the level of the aorta. 

Criteria of the effectiveness of heart denervation were: 1. Nictitating 
membrane drawn over the eye immediately after operation. 2. No 
cardiac slowing when the vagi in the neck were electrically stimulated. 3. 
A steady heart rate after one-half hour rest which did not vary when the 
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animal moved slightly. In control animals, the slightest movement always 
gave a greatly accelerated heart rate. 

Heart rates. The heart rate was taken after one half-hour of rest. After 
again taking the rate at forty minutes, the animal was disturbed in some 
way and the rate again taken. 

Basal metabolic tests. On two dogs, one operated (dog V) and one 
control (dog I) basal metabolism tests were run. This was done in order 
to measure the effectiveness of the thyroid dosage. These tests were run 
eighteen hours after feeding, and after an initial half-hour rest. 

Thyroid dosage. After a control period had been run on each dog, 
thyroid feeding was begun, giving each dog 0.6 gram per kilo per day. 
Armour’s thyroid was used. The thyroid mixed with milk was fed before 
the regular food was given. All dogs seemed fond of the mixture. The 
cages were watched to see whether any was lost in vomiting. This did not 
occur. 

TABLE 2 


| AVERAGE BASAL HEART RATE | 
DOG NUMBER DURING TWO WEEK CONTROL EFFECTS OF SLIGHT MOVEMENTS 
PERIOD 


Control dogs 
I 
II 
Ix 


Operated dogs 
Vv 


| +2 
VI | +1 
VII | | +2 

x +1 


Diet. The dogs were kept in a constant diet throughout the experimen- 
tal period. Enough food was given to maintain a constant body weight 
under normal conditions. During thyroid administration the same 
amount of food was fed. In the case of the two puppies, the normal diet 
was fed ad libitum. The diet consisted of: 


50 per cent 

25 per cent 


Electrocardiograms. On all dogs studied, electrocardiograms were run 
weekly before and during thyroid feeding. In the tracings the following 
measurements were made: 1, duration of P wave; 2, direction and height 
of P wave; 3, P-R interval; 4, direction, normality and height of R wave; 
5, duration of QRS; 6, direction and height of T wave; 7, QRS-T (systole). 


il 
p 
74 +31 
77 +18 
92 +33 
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Results. 1. In the animals subjected to the second series of experiments, 
immediate acceleration in the heart rate following slight movements was 
practically abolished (see table 2). 


Conrror Animals —~ 
OPERATED ANIMALS 


Fetome 


3 5 
{WEEKS 


Chart 1. Average weekly heart rates in the control and operated groups before and 
during thyroid feeding. 


Pen 
Basar HEART Rate - 


Qerratto Doc 


Chart 2. Variation in basal heart rate, basal metabolic rate and body weight be- 
fore and during thyroid feeding. Small figures at bottom of chart indicated three 
day intervals. 


2. Effects of more extensive movements and exercise, such as running, 
etec., were not studied. It was noticed that these hearts accelerated after 
the ingestion of food. 

3. The basal heart rate was lower (5-10 beats) following heart denerva- 
tion. 

4. Dog VI was the only dog in the series which showed erection of the 
hairs in fighting. This disappeared after sympathectomy. 


WEAAT 
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5. In all the operated dogs and in two of the controls, the vagi were 
stimulated aseptically before the experimental period was begun. No 
cardiac slowing was observed in the operated dogs. In the control animals 
complete cardiac inhibition was seen lasting from three to five seconds. 

6. In all the animals of the second group, operated and controls, the 
basal heart rate was considerably increased during thyroid feeding (see 
chart 1). 

7. In those animals on which metabolism tests were run the basal heart 
rate was found to vary with the basal metabolic rate (see chart 2). 

8. All animals lost weight during thyroid administration. 

The following gives the maximum loss of weight in each dog: 


| 
DOG NUMBER } CONTROL DOGS | DOG NUMBER OPERATED DOGS 


| per cent per cent 


I 25 | 33 

II 45 y 30 

IX (puppy) 13 i 32 
X (puppy) 7 


9. There were no marked differences in the electrocardiograms of the 
normal and operated dogs. Table 3 gives a summary of the measurements 
made before and during thyroid administration. The main differences, 
it will be seen, are those accompanying a faster heart rate. In the control 
dogs the T wave became larger during thyroid feeding. This is a usual 
accompaniment of hyperthyroidism in man. In the operated dogs, this 
difference in the T wave was not noticeable. In dogs V and VI, the T 
wave was 1.5 and 1.0 less than during the control period. 

10. All animals were in good health before the experimental period 
began. There was little, if any, difference in the behavior of the control 
and operated dogs, prior to the thyroid feeding period. During the thy- 
roid period, the operated animals became weak and unable to run about. 
The control dogs remained lively until the end of the experiment. The 
appetites in all the dogs remained excellent throughout the period. 

11. Three of the operated dogs died after from four to seven weeks on 
thyroid feeding. 

Chronic vomiting in dog VI (beginning two weeks after thyroid adminis- 
tration was started) led to pneumonia and death. 

Dog X died of pulmonary embolism. 

Dog V became weak and died. No pathology was found. 

Only one control dog died during the experimental period. The death 
was similar to that observed in dog V. Both dogs were extremely emaci- 
ated. The other dogs, I, [X and VII were killed by ether after taking elec- 
tro-cardiograms before and during vagus stimulation. The control dogs 


i 


HEART RATE OF DOGS AFTER THYROID FEEDING 269 


showed typical cardiac inhibition. A slight effect was seen on stimulation 
of one vagus in the operated dog. Autopsy in all of the operated dogs 
revealed no regeneration of either sympathetic or vagus fibers, except in dog 
VII, where some fibers leaving the left vagus were seen coursing toward 
the heart. 


TABLE 3 
Showing the averages of the measurements made on the electrocardiographic tracings 
before and during thyroid administration 


DOG NUMBER ABNORMALITIES 


HEIGHT OF P WAVE 
| HEIGHT OF R WAVE 
HEIGHT OF T WAVE 


| DURATION OF P 


=z 
g 
° 
° 
< 
= 
a 


onds 


Control period. ...{0.04 | 3.0 |0.15 | 14.010.045) None 
Thyroid. ......../0.14 | 10.12 | 14.0/0.041) 0. Few extra P waves 


mm. 


II. Control period. ..\0.03: 0. 14.0|0.044) 2. .24 | None 
Thyroid... ‘ (0.98 | 16.7/0.041) 5. 5 | Few extra P waves 


V.* Control period. ../0.052| 2.8 21.310.045| 5.1 | None 
Thyroid. . 10.040} 19.4/0.045) 3.6 (0.25 | None 

| | 
VI.* Control period. ..|0.052) .12 | 11.510.046) 3.é 25 | None 
Thyroid. ......../0.040, 3.3 10 .3}0.042) 2.5 (0.253) None 


VII.* Control period. 2.3 | 14.5}0.040) 0 0.255, None 
Thyroid . (0.040 9.610.046) None 
IX. Control period. .|0.044) : 15. 1/0058} . 233) None 
2.8% 19. 1/0040) (0.249) None 


X.* Control period. .|0.056) 2.4: | 16.5}0.040) 3.2510.21 | Few extra P waves 
Thyroid. ......./0.040) 2) 11.0/0.038 23 | Few extra P waves 


* = operated dogs. 


Discussion. The work on the denervation of the dog heart confirms 
Cannon’s findings (13) in the cat. The heart rate in dogs after complete 
sympathectomy and vagotomy is different from that in dogs in which 
vagotomy and removal of the stellate ganglia had been performed in that 
quick acceleration due to slight movements was not seen in the dogs with 
completely denervated hearts. 

There was no marked difference in the response of the heart in the oper- 
ated and control animals to thyroid administration. This work therefore 
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clarifies the problem of the mechanism of the tachycardia of hyperthyroid- 
ism to the extent that the thyroid action is not primarily via the extrinsic 
cardia nerves. 

The findings of Enderlen and Bohnenkamp (8) of auricular flutter and 
death in the control animals, and no effect on the operated animals, are not 
confirmed. No true auricular flutter was seen in any of these animals. 
It might be argued that the experiments did not extend over a long enough 
period. Two dogs were fed the described dose for over eight weeks. The 
rest of the series varied from four to seven weeks. This period is com- 
parable to that described by the above authors. The dosage used was 
twice that used by these workers. 

CONCLUSIONS 

1. The heart rate in the dog with complete cardiac denervation does 
not change in response to slight movements. This is not the case when 
vagotomy and removal of the stellate ganglia are performed. 

2. The tachycardia of chronic experimental hyperthyroidism is practi- 
cally identical in dogs with complete heart denervation and in dogs with 
all the cardiac nerves intact. 

3. The rate of loss of body weight and temperature elevation on com- 
parable doses of thyroid hormone is the same in the normal and in the 
heart denervated dogs, but the latter animals are more incapacitated 
(asthenia) by the hyperthyroidism. 


The author wishes to express her appreciation of Mr. Edward Wallace’s 
assistance in the electrocardiographic work and her thanks for the advice 
of Dr. A. J. Carlson throughout the course of the experiments. 
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It has been shown that the removal of the ovaries in the last half of the 
cycle is followed by early menstruation. Since ovulation takes place in 
the middle of the cycle (Corner, 1923), ovariectomy performed at this 
time or later may remove glands which contain the maturing follicle or 
corpus luteum. The following experiments were planned to determine 
whether or not menstruation could be induced by operation early in the 
cycle; and if so, to study the histological structure of the ovaries removed 
and the character of the resulting endometrial bleeding. 

Allen (1927, 1928) has reported post-operative bleeding in seven mon- 
keys following bilateral ovariectomies performed from the tenth to the 
twentieth day of the cycle, and in other cases after aspiration of fluid from 
a large follicle. Hartman' observed menstruation in four monkeys 
following the removal of one ovary on the fourteenth to seventeenth days 
of the cycle.” 

The present study was undertaken to find the results of ovariectomy 
during the first days of the cycle before the iarge follicles incident to 
ovulation appeared. The operations took place in June and July, months 
which lie within the non-breeding season of the macaque (Heape, 1897; 
Van Hewerden, 1906; Zuckerman, 1930) when as has been found by 


1 Dr. C. G. Hartman has kindly sent us a chapter on laparotomies and their effects 
in the macaque from a monograph ready for publication. 

2 In man, removal of a follicle or corpus luteum by excision or cautery was found 
by Fraenkel (1903) to delay menstruation; by Seitz and Wintz (1919) and Ostrcil 
(1924) , when the operation took place in the first half of the interval, to be followed 
by menstruation within three and a half weeks or, if taking place in the last half of 
the interval, bleeding followed on the second day. Halban and Koehler (1914), re- 
moving corpora lutea and in two cases removing both ovaries, found menstruation in 
two to four days and lasting three to eight. Pratt (1927) gave the results of thirty 
cases in which the corpus luteum was removed, and in all but two there was an in- 
duced flow within forty-eight hours. Two double ovariectomies in the first half of 
the cycle produced menstruation, while one on the sixth day of the cycle did not 
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Hartman (1931) ovulation is usually in abeyance. It is to be expected, 
then, that ovaries removed during the non-breeding season and before the 
tenth day of the menstrual cycle will not contain the two special structures 
(the maturing follicle and the young corpus luteum) which most often have 
been associated with the immediate control of the menstrual cycle. 

Nine rhesus monkeys in a good state of nutrition, with an average weight 
of 4,454 grams, were used. All of these animals had menstruated and four 
were of proved fertility. Each animal occupied a separate cage and a 
sand-scrubbed board was so placed that it was necessary for the monkey 
to climb upon it before the activities of the other animals in the room could 
be observed. Consequently, the monkeys spent most of the time on these 
white benches, which were changed each day. For this particular study, 
the following definition of menstruation has been established: the appear- 
ance of fresh or dried blood upon the external vulva of the animal or upon 
the white bench of the cage. The records, then, are not as sensitive as 
those given by the lavage method (Hartman, 1930). Individual cells or 
small amounts of blood withdrawn from the vagina by the lavage might 
have shown day 1 to have come twenty-four hours earlier than our records 
and probably would have indicated red blood cells lingering a day longer 
in the vagina. The data presented here seem to fulfill the ordinary require- 
ments for the establishment of the fact of menstruation and its duration. 
They will have the added advantage of ease of correlation with clinical 
data. The first day on which bleeding was observed has been called day 1 
of the new cycle. 

The operation was performed under surgical anesthesia. The midline 
abdominal incision began at a point half way between the umbilicus and 
the pubis and extended well down to the symphysis. The ovaries were 
brought into view and described before excision. The uterus was left 
untouched, in order to avoid any possible bleeding as the result of trauma. 


Protocots. Series A: Bilateral ovariectomy. No. 11. Received May 1, 1931. 
Bilateral ovariectomy on June 8, 1931 (first day of cycle). 

Menstrual history. On arrival the sexual skin of the animal showed very little 
color; no fluctuations were noted in this perineal coloring and bleeding began on 
June 8. 

Operation. The animal weighed 4,825 grams. Observation of the ovaries before 
their removal showed the surface of each to be intact and there was no external indi- 
cation of the presence of a large follicle or corpus luteum. Menstruation continued 
without interruption the next four days. This bleeding, which was the animal’s 
last, had been initiated before the operation and was not of unusual length. No 
subsequent menstruation was observed associated with double ovariectomy performed on 
the first day of the cycle. 

Ovaries. The left gland weighed 0.199 gram and contained three follicles 1 to 1.4 
mm. in diameter, no recent corpora. 

The right gland weighed 0.200 gram and contained one atretic follicle 3.6 3.5 
mm.; follicular wall thin; no mitosis; degenerating cumulus; four other follicles under 
1 mm. in diameter; no recent corpora. 
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No. 9. Received April 10, 1931. Bilateral ovariectomy on May 27, 1931 (fourth 
day of cycle). Autopsy June 3, 1931. 

Menstrual history. On arrival, the sexual skin was not bright in color but after 
five days increased in intensity; it remained at maximum from May first to eighth, 
after which it receded. The first observed menses occurred on May 24 and continued 
for 4 days. 

Operation. This animal weighed 5,050 grams and was still bleeding. Although 
ovariectomy was performed on the fourth day of the cycle, actually only 72 hours 
passed after the beginning of menstruation and before operation. The left ovary 
showed three small transparent areas. The right ovary was somewhat smaller 
External bleeding from the vagina appeared June 2, an interval of five days after doublé 
ovariectomy and only 9 days after the first day of the preceding menstruation. 

Ovaries: Left (fig. 1): weight 0.365 gram. Many follicles less than 1 mm. in 
diameter. One retrogressing corpus luteum 3.1 X 2 mm. 

Right (fig. 2): weight 0.319 gram. One retrogressing corpus measuring 2.3 * 1.5 
mm. 

Uterus (fig. 3): The animal was killed on the second day of the operative menses 
On palpation the uterus felt soft and spongy. The genital tract intact was dropped 
into Bouin’s fluid. After ten minutes’ fixation it was cut longitudinally. The lumen 
was found filled with free and clotted blood. Sections show a low endometrium, 
straight glands, hematomata and destruction of the superficial portions of the glands 
and stroma. 

No. 2. Received February 26, 1931. Bilateral ovariectomy May 15 (fifth day of 
cycle). Autopsy, May 26, 1931. 

Menstrual history. A nursing young female had been weaned on February 23, 
when the animal was purchased. On arrival in the laboratory, the sexual skin was 
brightly colored. The color diminished rapidly two days prior to the appearance of 
the menses, which occurred on April 9. Bleeding lasted five days and the next men- 
struation, which was of 3 days’ duration, began on May 11, after a cycle of 32 days. 

Operation. The animal weighed 6,300 grams. When the ovaries were exposed, 
their capsules appeared smooth, without rupture points or indication of a large super- 
ficial follicle. The ovaries were removed, and after an interval of six days there 
was a menstruation lasting 5 days, which occurred only eleven days after the first day of 
the preceding menstruation. 

Ovaries. The left ovary (fig. 4) contained a follicle measuring 2 X 3.4 mm., lying 
deep in the gland and showing many mitotic figures. There are several follicles under 
a millimeter and one follicle measuring 1.2 mm. 

The right ovary contained a follicle 2.7 X 2 mm. and showing mitotic figures and 
a retrogressing corpus luteum measuring 3.2 X 2.4 mm. 

Uterus (fig. 5). The animal was killed on the fifth day of bleeding and a small 
amount of dried and fresh blood was present on the vulva. However, when at autopsy 
the genital tract was removed and the uterus opened by an anterior longitudinal 
section, the cavity did not appear to contain blood. Histological examination 
showed a low endometrium, deep destruction of straight glands and stroma and 
extravasation of blood. 

No. 1. Received February 18, 1931. Bilateral ovariectomy, April 24, 1931 (ninth 
day of cycle). 

Menstrual history. The animal dealer said she had given birth to a normal, 
viable, female baby in September 1930. Milk was observed pressed from the left 
nipple when she manipulated it. When received, the color of the sexual skin was 
not intense and a menstruation of three days began February 21. Increase in colora- 
tion and perineal swelling began March 26 and lasted through April 9. Next menses 
began April 16 and lasted through April 20, after a cycle of 54 days. 
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Operation. Weight of animal was 4,500 grams. The surfaces of the ovaries were 
smooth and there was no indication of a large or superficial follicle or of arupture 
point. External bleeding from the vagina was evident May 1, an interval of six days 
after the operation and 15 days after the beginning day of the preceding cycle. 

Ovaries. The left gland contained small follicles, the largest in cross section 
measuring 2.2 X 1.5mm. There were no recent corpora. The right gland contained 
six follicles less than 1 mm. in diameter and one large follicle measured 1.1 X 1.2 
mm. in diameter. There were no recent corpora. 

No. 4. Received March 12, 1931. Bilateral ovariectomy, April 24, 1931 (thir- 
teenth day of cycle). 

Menstrual history. This animal was received with a nursling, a young female 
which was weaned on April 10. The following days the breasts of the mother were 
much distended. A menstruation beginning April 12 lasted five days. No marked 
fluctuation of perineal color has been evident in this animal. 

Operation. Animal weighed 5,175 grams. Examination of the ovaries before 
excision showed the capsule of the left gland to be smooth and without any follicular 
distention. The right ovary was larger than the left, and on its surface was a small 
torn area. There was external bleeding from the vagina on May 1, an interval of six 
days after double ovariectomy and nineteen days after the first day of the preceding men- 
struation. 

Ovaries. The left ovary showed no follicles over 1 mm. in diameter and a retro- 
gressing corpus luteum 1.7 X 1.2mm. The right gland contained a large collapsed 
ruptured follicle, the rupture point of which must have been the scar on the surface 
noticed at operation. The egg lay within the cumulus attached to the wall of the 
follicle and since many cells were in the state of mitosis, it appears that this follicle 
ruptured prematurely. The wall of the follicle was thrown into many folds, but 
measured only 3 mm. in longest diameter of the section. No recent corpora present. 

Series B: Unilateral ovariectomy. No. 8. Received April 10, 1931. Unilateral 
ovariectomy. June 8, 1931 (first day of cycle). 

Menstrual history. When received, there was little color of the sexual skin and 
the animal was bleeding. This menstruation continued three more days. There 
was no increase in perineal coloration, although two pouches over the pubis became 
distended during the last week in May. The second observed menses began June 8. 
The anima! appeared to be young. Its weight was less than the weights of others in 
the series. 

Operation. The animal weighed 3,125 grams. The right ovary was smaller than 
the left. The left ovary was removed, after both had been examined and found to be 
without surface evidence of large follicles or corpora. No menstruation followed 
which could be associated with the unilateral ovariectomy in this animal. The next 
menses occurred on July 10 to 17, after a cycle of 32 days. 

Ovary. Weighed 0.116gram. Two follicles less than 1 mm. in diameter; no recent 
corpora. 

No. 12. Received May 1, 1931. Unilateral ovariectomy, June 4, 1931 (fourth 
day of cycle). 

Menstrual history. Moderate change in perineal color during 31 days preceding 
menstruation. Bleeding began June 1 and lasted 4 days. 

Operation. The animal weighed 3,500 grams. When the abdomen was opened, 
both ovaries were brought into view. They were of ebout the same size. Neither 
gland appeared to contain a large follicle, and there was no indication that either 
gland contained a corpus luteum. The left ovary was removed. External bleeding 
from the vagina appeared on the fourth day after unilateral ovariectomy and only seven 
days after the {rst day of the preceding menstruation. This operative cycle of seven 
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days was followed by one 24 days long. The next menstruation occurred on July 
2 and 3. 

Ovary. The left ovary (fig. 6) weighed 0.105 gram. It contained one follicle 
1.3 * 1.2 mm.; one 0.7 X 1.5 mm.; three follicles under 1 mm. in diameter; one retro- 
gressing corpus 3.1 X 1.2 mm. in diameter. 

No. 20. Received June 17, 1931. Unilateral ovariectomy, June 25, 1931 (fourth 
day of cycle). 

Menstrual history: The sexual skin was shrunken and very light in color when 
received in the laboratory. Menstruation began on June 22. 

Operation: Weight, 3,650 grams. The animal was still menstruating. The left 
ovary appeared to contain an opaque structure thought to be a retrogressing corpus 
luteum; so the right ovary, which gave no surface indication of containing a large 
follicle or corpus luteum was removed. The two ovaries were of about the same size. 
An early menstruation did not follow this operation. On July 22, the next menses 
appeared, after a cycle of 30 days. 


TABLE 1 


| DAY OF CYCLE ON WHICH DAYS ELAPSING BEFORE 
ANIMAL NUMBER OPERATION APPEARANCE 
WAS PERFORMED OF INDUCED MENSES 


LENGTH OF OPERATIVE 
CYCLE 


Series A: Bilateral ovariectomy 


13 


Series B: Unilateral ovariectomy 


8 1 
12 4 
20 4 


Ovary weighed 0.156 gram. One follicle 1.2 X 1.2 mm., three follicles about 0.7 
mm. in diameter. No recent corpus luteum. 

Control operation. No. 3. Received February 26, 1931. Control laparotomy 
June 4, 1931 (seventh day of cycle). 

Menstrual history: Nursing young weaned February 23. On March 13 genital 
swelling was marked, which receded about the 17th. First observed menses on 
March 22, lasted four days. Second menses on April 18, lasted three days, giving a 
27-day cycle. Third menses May 29, lasting four days, gave a 41-day cycle. 

Operation: The animal weighed 3,965 grams. Laparotomy was performed exactly 
as in other operations. Both ovaries were brought into view for observation and the 
uterus moved only through tension on the ovarian ligaments. There was no indica- 
tion that either gland contained corpora lutea or large follicles. No menstruation 
followed which could be associated with the control operation in this animal. 


Table 1 summarizes the time of operation, the interval before induced 
menstruation and the length of the resulting shortened cycle for the five 
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day 
11 1 
9 4 5 9 
2 5 6 11 
1 9 6 15 
4 |_| 6 19 
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bilateral ovariectomies comprising series A and the three unilateral opera- 
tions of series B. The ninth animal was reserved for a control laparotomy 
(protocol, animal 3). No induced menstruation followed either bilateral or 
unilateral ovariectomy when performed on the first day of the cycle. Re- 
moval of both ovaries on the fourth, fifth, ninth and thirteenth days of the 
cycle was followed by menstruation on the sixth or seventh day. Excision 
of a single ovary in no. 12 was followed by menstruation on the fourth day, 
but in no. 20 the removal of one ovary on the fourth day did not induce 
menstruation. Table 2 compares the length of the normal with that of 
the operative menses for the individual animal. 


TABLE 2 


Lengths of normal and operative menses in days 


ANIMAL NUMBER NORMAL NORMAL OPERATIVE 


ortho 
— 


1 


Autopsied. 


Histological study of the ovaries from the seven animals ovariectomized 
on or before the ninth day of the cycle showed the glands to contain no 
active follicles of maturation size and no recent corpora lutea. The right 
ovary of animal 4 operated upon on the thirteenth day of the cycle con- 
tained a large and actively growing (a great number of mitoses present) 
follicle. In monkey 9 the bleeding was induced by removal of ovaries 
containing follicles less than a millimeter in diameter. This is in agree- 
ment with Hartman, who found that unilateral excision late in the cycle 
of ovaries which contained no mature follicle or corpus luteum resulted in 
menstruation. 

The uteri from animals 9 and 2 (figs. 3 and 5) show the menstruating 


Plate I. Photographs from series stained with iron hematoxylin. 

Figs. land 2. Left and right ovary of no. 9, X11, fourth day of cycle, showing 
largest follicles in both glands. 

Fig. 3. Menstruating endometrium of animal 9, X45. This was the second day of 
bleeding, five days after ovariectomy and nine days after the first day of the preceding 
menstruation. 

Fig. 4. Left ovary of no. 2, X11, fifth day of cycle, showing largest follicle found 
in the ovaries removed before the thirteenth day. 

Fig. 5. Menstruating uterus from no. 2, X94 on the fifth day of bleeding, which 
commenced eleven days after the first day of the preceding menstruation. 

Fig. 6. Left ovary of no. 12, X11. The removal of this single ovary resulted in 
menstruation four days later. 
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endometrium after bilateral ovariectomy. No. 9 was autopsied on the 
second day of menstruation and the interval between the end of the last 
normal menstruation and the beginning of the post-operative menstruation 
shown here was only five days. Animal 2 (fig. 5) was autopsied on the fifth 
day of the induced bleeding. Destruction of the mucosa was still in prog- 
ress from an endometrium which was inactive for only eight days between 
menstruations. Corner (1927) and Hartman (1927, 1928) have established 
the occurrence of menstruation without ovulation and the premenstrual 
changes of the endometrium in the monkey. A similar condition is found 
in the sections presented here. The straight uterine glands and the low 
endometrium identify the organs as interval in type. 


SUMMARY 


1. In the Pithecus (Macacus) rhesus, it has been found that excision of 
both ovaries early in the cycle (from 72 hours to the tenth day and one 
instance on the thirteenth day) was followed by menstruation after an 
interval of five or six days. 

2. In amount and duration the saguineous discharge was not distin- 
guishable from the normal menses of the individual animal. 

3. Histological examination of the ovaries showed that bleeding could 
occur in the absence of a mature follicle or young corpus luteum. 


4. Menstruation from an endometrium of interval type occurred in 
animals operated upon on the fourth and fifth days of the cycle. 

5. Removal of a single ovary on the fourth day of the cycle was followed 
in one case by menstruation on the fourth day following the operation but 
in another animal no post-operative menstruation occurred. 

6. Both bilateral and unilateral ovariectomy failed to induce bleeding 
when performed on the first day of menstruation. 
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